PROBLEM 1.1 



KNOWN: Thermal conductivity, thickness and temperature difference across a sheet of rigid 
extruded insulation. 

FIND: (a) The heat flux through a 2 m x 2 m sheet of the insulation, and (b) The heat rate 
through the sheet. 

SCHEMATIC: 



A = 4m 2 



k = 0.029 




ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady- state 
conditions, (3) Constant properties. 

ANALYSIS: From Equation 1.2 the heat flux is 

„ dT . T, - T 2 

q" = -k — = k— - 

dx L 

Solving, 



q ; =0.029^ x 10 K 



m-K 0.02 m 



q*x = 14-5 



W 



m 



The heat rate is 



q x = q" • A = 14.5-^- x 4 m 2 = 58 W 



m 



COMMENTS: (1) Be sure to keep in mind the important distinction between the heat flux 
(W/m 2 ) and the heat rate (W). (2) The direction of heat flow is from hot to cold. (3) Note that 
a temperature difference may be expressed in kelvins or degrees Celsius. 
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PROBLEM 1.2 

KNOWN: Inner surface temperature and thermal conductivity of a concrete wall. 

FIND: Heat loss by conduction through the wall as a function of outer surface temperatures ranging from 
-15 to 38°C. 



SCHEMATIC: 




A = 20 m 2 

k= 1, 0.75, or 1.25 W/rn-K 



7 2 = -15to 38 °C 



L = 0.30 m 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state conditions, (3) 
Constant properties. 

ANALYSIS: From Fourier's law, if and k are each constant it is evident that the gradient, 
dT/dx = — /k , is a constant, and hence the temperature distribution is linear. The heat flux must be 
constant under one-dimensional, steady-state conditions; and k is approximately constant if it depends 
only weakly on temperature. The heat flux and heat rate when the outside wall temperature is T 2 = -15°C 



are 



q" = _ k ^ = k3_J2 =lw/m-K 
dx L 1 



25 C- -15 C 



0.30m 



133.3W/m 



q x = q'^xA = 133.3w/m 2 x20m 2 =2667W. 



(1) 



(2)< 



Combining Eqs. (1) and (2), the heat rate q x can be determined for the range of outer surface temperature, 
-15 < T 2 < 38°C, with different wall thermal conductivities, k. 




-10 0 10 20 

Outside surface temperature, T2 (C) 

Wall thermal conductivity, k = 1 .25 W/m.K 
k = 1 W/m.K, concrete wall 
k = 0.75 W/m.K 



For the concrete wall, k = 1 W/m-K, the heat loss varies linearly from +2667 W to -867 W and is zero 
when the inside and outer surface temperatures are the same. The magnitude of the heat rate increases 
with increasing thermal conductivity. 

COMMENTS: Without steady-state conditions and constant k, the temperature distribution in a plane 
wall would not be linear. 
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PROBLEM 1.3 



KNOWN: Dimensions, thermal conductivity and surface temperatures of a concrete slab. Efficiency 
of gas furnace and cost of natural gas. 

FIND: Daily cost of heat loss. 

SCHEMATIC: 



Natural gas, 

01/r 
-> 



Cg = $0.01/MJ 



Furnace, nf = 0.90 

Warm air 
> 

T-, = 17°C 



T 2 = 10°C 



Concrete, k = 1.4 W/m-K 




ASSUMPTIONS: (1) Steady state, (2) One-dimensional conduction, (3) Constant properties. 
ANALYSIS: The rate of heat loss by conduction through the slab is 



q = k(LW)^ 2- = 1.4W/m-K(llmx8m)- 



0.20m 



4312 W 



The daily cost of natural gas that must be combusted to compensate for the heat loss is 



1 C g/*\ 4312Wx$0.01/MJ,„„ 1 n£nri „v 
C d = -(At) = ^ (24h/dx 3600s /h) = $4.14/d 



m 



0.9xlO u J/MJ 



COMMENTS: The loss could be reduced by installing a floor covering with a layer of insulation 
between it and the concrete. 
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PROBLEM 1.4 



KNOWN: Heat flux and surface temperatures associated with a wood slab of prescribed 
thickness. 



FIND: Thermal conductivity, k, of the wood. 
SCHEMATIC: 




Q" x =40W/mz 



Z=20°C 



*\ L = 0.05 m 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state 
conditions, (3) Constant properties. 

ANALYSIS: Subject to the foregoing assumptions, the thermal conductivity may be 
determined from Fourier's law, Eq. 1.2. Rearranging, 



k=q x 



L 



40 



W 0.05m 



T l- T 2 m Z (40-20)° C 



k = 0.10 W/m-K. 



COMMENTS: Note that the C or K temperature units may be used interchangeably when 
evaluating a temperature difference. 
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PROBLEM 1.5 



KNOWN: Inner and outer surface temperatures of a glass window of prescribed dimensions. 

FIND: Heat loss through window. 

SCHEMATIC: 



T^IS'C 




k*lAW/m-K 



L= 0.005m 

ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state 
conditions, (3) Constant properties. 

ANALYSIS: Subject to the foregoing conditions the heat flux may be computed from 
Fourier's law, Eq. 1.2. 



q x =k 



Tl-T 2 



M W (15-5)° c 
m-K 0.005m 
q x =2800 W/m 2 . 



Since the heat flux is uniform over the surface, the heat loss (rate) is 



q = q x xA 

q = 

q = 8400 W 



2800 W/m 2 x 3m 2 



COMMENTS: A linear temperature distribution exists in the glass for the prescribed 
conditions. 
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PROBLEM 1.6 



KNOWN: Width, height, thickness and thermal conductivity of a single pane window and 
the air space of a double pane window. Representative winter surface temperatures of single 
pane and air space. 

FIND: Heat loss through single and double pane windows. 
SCHEMATIC: 



-H |<— L = 5 mm 



T, = 15°C 



Glass pane 



1 .4 W/m-K 



W = 1 m, H = 2 m 



T 2 =-20°C 



T,= 10°C 




Air space 

k a = 0.024 W/m-K 
W= 1 m, H = 2 m 



Glass 



Glass 



ASSUMPTIONS: (1) One-dimensional conduction through glass or air, (2) Steady-state 
conditions, (3) Enclosed air of double pane window is stagnant (negligible buoyancy induced 
motion). 

ANALYSIS: From Fourier's law, the heat losses are 



< 



Single Fane: q g =k g A Tl 12 =1.4 WAn-K^m 2 ) 35 C =19,600 W 
g g L I /0.005m 

DoublePane: q a =k a A Tl ~ Tl = 0.024f2m 2 ) 25 C =120 W < 

L I /0.010 m 

COMMENTS: Losses associated with a single pane are unacceptable and would remain 
excessive, even if the thickness of the glass were doubled to match that of the air space. The 
principal advantage of the double pane construction resides with the low thermal conductivity 
of air (~ 60 times smaller than that of glass). For a fixed ambient outside air temperature, use 
of the double pane construction would also increase the surface temperature of the glass 
exposed to the room (inside) air. 
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PROBLEM 1.7 

KNOWN: Dimensions of freezer compartment. Inner and outer surface temperatures. 

FIND: Thickness of styrofoam insulation needed to maintain heat load below prescribed 
value. 



SCHEMATIC: 



St(/rofi 



oam 



y *' on «° -o o ">v * o f*V * o" " 
0 f ^J^g^ tf* 



k = 0.03W/m-K 



T Z = 35°C 



9" 



B T 



ASSUMPTIONS: (1) Perfectly insulated bottom, (2) One-dimensional conduction through 5 

2 

walls of area A = 4m , (3) Steady-state conditions, (4) Constant properties. 
ANALYSIS: Using Fourier's law, Eq. 1.2, the heat rate is 

q = q ". A = A total 



Solving for L and recognizing that A tota j = 5xW , find 



L 



5 k A T W 



L = 



5 x 0.03 W/m-K [35 - (-10)]° C |w 
500 W 



L = 0.054m = 54mm. 



COMMENTS: The corners will cause local departures from one-dimensional conduction 
and a slightly larger heat loss. 
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PROBLEM 1.8 



KNOWN: Dimensions and thermal conductivity of food/beverage container. Inner and outer 
surface temperatures. 

FIND: Heat flux through container wall and total heat load. 
SCHEMATIC: 



Styrofoam 
(k=0.023 W/m-K) 



H = 0.6 m 




Ti = 2°C 



|<— Wi = 0.8m — >| 



L = 0.025 m 



T 2 = 20°C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through bottom 
wall, (3) Uniform surface temperatures and one-dimensional conduction through remaining 
walls. 

ANALYSIS: From Fourier's law, Eq. 1.2, the heat flux is 

T?-Ti 0.023 W/m-K (20-2)° C 2 
q" = k 2 l = ^ '- — = 16.6W/m Z 



L 



0.025 m 



Since the flux is uniform over each of the five walls through which heat is transferred, the 
heat load is 

q = q" x Atotal = q" [H ( 2Wi + 2W 2 ) + Wi x w 2 ] 

q = 16.6 W/m 2 [0.6m(l.6m + 1.2m) + (0.8mx0.6m)] = 35.9 W < 

COMMENTS: The corners and edges of the container create local departures from one- 
dimensional conduction, which increase the heat load. However, for H, Wi , W2 » L, the 
effect is negligible. 
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PROBLEM 1.9 



KNOWN: Masonry wall of known thermal conductivity has a heat rate which is 80% of that 
through a composite wall of prescribed thermal conductivity and thickness. 



FIND: Thickness of masonry wall. 
SCHEMATIC: 




k z = aZ5\Nfm-K 



Masonry wa.il (l) 



Composite wa/l (z) 



ASSUMPTIONS: (1) Both walls subjected to same surface temperatures, (2) One- 
dimensional conduction, (3) Steady-state conditions, (4) Constant properties. 

ANALYSIS: For steady-state conditions, the conduction heat flux through a one- 
dimensional wall follows from Fourier's law, Eq. 1.2, 



q" = k 



AT 



where AT represents the difference in surface temperatures. Since AT is the same for both 
walls, it follows that 



Lj - L 2 



^ q£ 
k 2 q» 



With the heat fluxes related as 



q'{= 0.8 q 2 ' 



... 0.75W/m-K 

L, = 100mm x 

0.25W/m-K 



0.8 



= 375mm. 



COMMENTS: Not knowing the temperature difference across the walls, we cannot find the 
value of the heat rate. 
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PROBLEM 1.10 

KNOWN: Thickness, diameter and inner surface temperature of bottom of pan used to boil 
water. Rate of heat transfer to the pan. 

FIND: Outer surface temperature of pan for an aluminum and a copper bottom. 
SCHEMATIC: 



Aluminum 
(k=240 W/m-K) 

or 
Copper 

(k=390 W/m-K) 



T 2 = 110°C 




N D = 200 mm j 1 



L = 5 mm 



TTttTTTtTt— 



600 W 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction through bottom of pan. 

ANALYSIS: From Fourier's law, the rate of heat transfer by conduction through the bottom 
of the pan is 



q = kA 



Tl-T 2 



Hence, 



Tl=T 2 + 



qL 

kA 



where A = ttYT I A = ^(0.2m) 2 I A = 0.0314 m . 



Aluminum: 



Ti =110 C + 



600W (0.005 m) 
240 W/m-K (o.03 14 m 



= 110.40 C 



Copper. 



Ti =110 °C + 



600W (0.005 m) 
390W/m-K(o.0314m 



110.24 C 



COMMENTS: Although the temperature drop across the bottom is slightly larger for 
aluminum (due to its smaller thermal conductivity), it is sufficiently small to be negligible for 
both materials. To a good approximation, the bottom may be considered isothermal at T « 
110 °C, which is a desirable feature of pots and pans. 
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PROBLEM 1.11 



KNOWN: Dimensions and thermal conductivity of a chip. Power dissipated on one surface. 

FIND: Temperature drop across the chip. 

SCHEMATIC: 



t-lmm — j 




!/ 



Substrate 
Chip, k^LSOW/m-K 



f P--4W 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Uniform heat 
dissipation, (4) Negligible heat loss from back and sides, (5) One-dimensional conduction in 
chip. 

ANALYSIS: All of the electrical power dissipated at the back surface of the chip is 
transferred by conduction through the chip. Hence, from Fourier's law, 



p = q = kA 



AT 



or 



AT = 



t-P 



0.001 mx4W 



kW 2 150 W/m-K (0.005 m) 2 



AT = 1.1° C. 



COMMENTS: For fixed P, the temperature drop across the chip decreases with increasing k 
and W, as well as with decreasing t. 
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PROBLEM 1.12 



KNOWN: Heat flux gage with thin-film thermocouples on upper and lower surfaces; output 
voltage, calibration constant, thickness and thermal conductivity of gage. 

FIND: (a) Heat flux, (b) Precaution when sandwiching gage between two materials. 

SCHEMATIC: 



d -O.Z5mm 



&age bonded — 
between laminates 



Gage, k--14W/m-K 

* >>' " J S pair type - K TC 
June tions, S AB = 



HZ? 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat conduction in gage, 
(3) Constant properties. 

ANALYSIS: (a) Fourier's law applied to the gage can be written as 
AT 



q" = k 



Ax 



and the gradient can be expressed as 

AT _ AE/N 
Ax S^d 



where N is the number of differentially connected thermocouple junctions, Sab 1S the 
Seebeck coefficient for type K thermocouples (A-chromel and B-alumel), and Ax = d is the 
gage thickness. Hence, 



q = 



kAE 
NS^d 



q" = 



1.4 W/m-Kx350xlQ'° V 
5x40xl0" 6 V/°Cx0.25xlO" 3 m 



9800 W/m z 



(b) The major precaution to be taken with this type of gage is to match its thermal 
conductivity with that of the material on which it is installed. If the gage is bonded 
between laminates (see sketch above) and its thermal conductivity is significantly 
different from that of the laminates, one dimensional heat flow will be disturbed and the 
gage will read incorrectly. 

COMMENTS: If the thermal conductivity of the gage is lower than that of the laminates, 
will it indicate heat fluxes that are systematically high or low? 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 1.13 



KNOWN: Hand experiencing convection heat transfer with moving air and water. 

FIND: Determine which condition feels colder. Contrast these results with a heat loss of 30 W/m 2 under 
normal room conditions. 

SCHEMATIC: 

7^= 10°C 
Water ") V= 0.2 m/s 

h = 900 W/m 2 -K 



Too - ~5 
Air ? V=35km/h 

h = 40 W/m 2 -K 




Hand 
T s = 30 °C 



ASSUMPTIONS: (1) Temperature is uniform over the hand's surface, (2) Convection coefficient is 
uniform over the hand, and (3) Negligible radiation exchange between hand and surroundings in the case 
of air flow. 

ANALYSIS: The hand will feel colder for the condition which results in the larger heat loss. The heat 
loss can be determined from Newton's law of cooling, Eq. 1.3a, written as 

For the air stream: 

q " ak =40w/m 2 -K[30-(-5)]K = l,400w/m 2 < 
For the water stream: 



qwater =900W/m z •K(30-10)K = 18,000W/m z < 

COMMENTS: The heat loss for the hand in the water stream is an order of magnitude larger than when 
in the air stream for the given temperature and convection coefficient conditions. In contrast, the heat 
loss in a normal room environment is only 30 W/m 2 which is a factor of 400 times less than the loss in the 
air stream. In the room environment, the hand would feel comfortable; in the air and water streams, as 
you probably know from experience, the hand would feel uncomfortably cold since the heat loss is 
excessively high. 
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PROBLEM 1.14 



KNOWN: Power required to maintain the surface temperature of a long, 25-mm diameter cylinder 
with an imbedded electrical heater for different air velocities. 

FIND: (a) Determine the convection coefficient for each of the air velocity conditions and display the 
results graphically, and (b) Assuming that the convection coefficient depends upon air velocity as h = 
CV n , determine the parameters C and n. 

SCHEMATIC: 

1 2 4 8 12 

450 658 983 1507 1963 

22.0 32.2 48.1 73.8 96.1 



ASSUMPTIONS: (1) Temperature is uniform over the cylinder surface, (2) Negligible radiation 
exchange between the cylinder surface and the surroundings, (3) Steady-state conditions. 

ANALYSIS: (a) From an overall energy balance on the cylinder, the power dissipated by the 
electrical heater is transferred by convection to the air stream. Using Newton's law of cooling on a per 
unit length basis, 

^=h(^D)(T s -1^) 

where Pg is the electrical power dissipated per unit length of the cylinder. For the V = 1 m/s 
condition, using the data from the table above, find 

h = 450 W/m/ n x 0.025 m(300 - 40)° C = 22.0 w/ m 2 K < 

Repeating the calculations, find the convection coefficients for the remaining conditions which are 
tabulated above and plotted below. Note that h is not linear with respect to the air velocity. 

(b) To determine the (C,n) parameters, we plotted h vs. V on log-log coordinates. Choosing C = 22.12 
W/m 2 -K(s/m) n , assuring a match at V = 1 , we can readily find the exponent n from the slope of the h 
vs. V curve. From the trials with n = 0.8, 0.6 and 0.5, we recognize that n = 0.6 is a reasonable choice. 

Hence, C = 22. 12 and n = 0.6. < 




V(m/s) 
P e ' (W/m) 
h (W/m 2 -K) 



eg 

< 

E 




2 4 6 8 10 12 

Air velocity, V (m/s) 
— Data, smooth curve, 5-points 



c\i 
< 
E 




2 4 6 

Air velocity, V (m/s) 

Data , smooth curve, 5 points 
h = C* V fl n, C = 22.1, n = 0.5 
n = 0.6 
n = 0.8 



COMMENTS: Radiation may not be negligible, depending on surface emissivity. 



10 
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PROBLEM 1.15 

KNOWN: Long, 30mm-diameter cylinder with embedded electrical heater; power required 
to maintain a specified surface temperature for water and air flows. 

FIND: Convection coefficients for the water and air flow convection processes, h w and h a , 
respectively. 



SCHEMATIC: 



Water 



Z--90X 



> 




Z = 90" C 




q' Tz8 ^ 



ASSUMPTIONS: (1) Flow is cross-wise over cylinder which is very long in the direction 
normal to flow. 

ANALYSIS: The convection heat rate from the cylinder per unit length of the cylinder has 
the form 

q' = h(^D) (Ts-Too) 
and solving for the heat transfer convection coefficient, find 

h = 



nT) (T s -Too)' 



Substituting numerical values for the water and air situations: 



"Water 



Air 



h w = 



h a = 



28 x 1CT W/m 
n x 0.030m (90-25)° C 

400 W/m 



= 4,570 W/m 2 -K 



= 65 W/m^ • K. 



n x 0.030m (90-25) C 
COMMENTS: Note that the air velocity is 10 times that of the water flow, yet 



70 xh 



a- 



These values for the convection coefficient are typical for forced convection heat transfer 
with liquids and gases. See Table 1.1. 
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PROBLEM 1.16 



KNOWN: Dimensions of a cartridge heater. Heater power. Convection coefficients in air 
and water at a prescribed temperature. 

FIND: Heater surface temperatures in water and air. 

SCHEMATIC: 




*?t>\ T orfd h * 5000 W/m*K (water) 



ASSUMPTIONS: (1) Steady-state conditions, (2) All of the electrical power is transferred 
to the fluid by convection, (3) Negligible heat transfer from ends. 

ANALYSIS: With P = q conv , Newton's law of cooling yields 

P=hA (T s - Too ) = h^DL (T s - T^ ) 

Tc = Tqo A . 

S h^DL 

In water, 

T,=20-C + 2000 W 



s ~~ " ' 5000 W / m 2 • K x n x 0.02 m x 0.200 m 



T s =20 o C + 31.8°C = 51.8°C. 

In air, 

T -20°C + 

s 50W/m 2 -Kx^x0.02mx0.200m 



T s =20°C + 3183 o C = 3203°C. 



COMMENTS: (1) Air is much less effective than water as a heat transfer fluid. Hence, the 
cartridge temperature is much higher in air, so high, in fact, that the cartridge would melt. (2) 
In air, the high cartridge temperature would render radiation significant. 
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PROBLEM 1.17 



KNOWN: Length, diameter and calibration of a hot wire anemometer. Temperature of air 
stream. Current, voltage drop and surface temperature of wire for a particular application. 

FIND: Air velocity 

SCHEMATIC: 



V, To, = 25°C 




To = 75°C 



Hot wire (V ~ h 2 ) 
L = 20 mm, D = 0.5 mm 
E = 5 V, I = 100 mA 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from the wire by 
natural convection or radiation. 

ANALYSIS: If all of the electric energy is transferred by convection to the air, the following 
equality must be satisfied 

P elec =EI = hA(T s -Too) 



-5 2 



where A = xDL = ;r(0.0005mx 0.02m) = 3.14x10 -'m 



Hence, 



h = 



EI 



5Vx0.1A 



A(T s -Tqo) 3.i4xl0~ 5 m 2 |50 °C 



= 318 W/m z -K 



V = 6.25xl0 5 h 2 =6.25x10 5 (318 W/m 2 -K| = 6.3 m/s 



COMMENTS: The convection coefficient is sufficiently large to render buoyancy (natural 
convection) and radiation effects negligible. 
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PROBLEM 1.18 

KNOWN: Chip width and maximum allowable temperature. Coolant conditions. 
FIND: Maximum allowable chip power for air and liquid coolants. 
SCHEMATIC: 



T m -15X ^ f /; 

Air, h--Z00W/m^K / *-f f Ch} P> T ™* Q5X 

Dielectric f/u/'d, / 
h=3000Wfm*-K 1 -Tir— P 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from sides and 
bottom, (3) Chip is at a uniform temperature (isothermal), (4) Negligible heat transfer by 
radiation in air. 

ANALYSIS: All of the electrical power dissipated in the chip is transferred by convection to 
the coolant. Hence, 

P = q 

and from Newton's law of cooling, 

P = hA(T - Too) = h W 2 (T - Too). 

In air, 

Pmax = 200 W/m 2 K(0.005 m) 2 (85 - 15) ° C = 0.35 W. < 
In the dielectric liquid 

Pmax = 3000 W/m 2 K(0.005 m) 2 (85-15) ° C = 5.25 W. < 

COMMENTS: Relative to liquids, air is a poor heat transfer fluid. Hence, in air the chip can 
dissipate far less energy than in the dielectric liquid. 
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PROBLEM 1.19 



KNOWN: Length, diameter and maximum allowable surface temperature of a power 
transistor. Temperature and convection coefficient for air cooling. 

FIND: Maximum allowable power dissipation. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through base of 
transistor, (3) Negligible heat transfer by radiation from surface of transistor. 

ANALYSIS: Subject to the foregoing assumptions, the power dissipated by the transistor is 
equivalent to the rate at which heat is transferred by convection to the air. Hence, 

Pelec = Iconv = n ^ (T s - T^ J 

= 4.90xl0" 4 m 2 

For a maximum allowable surface temperature of 85°C, the power is 

P elec =100 W/m 2 -K(4.90xlO" 4 m 2 J (85-25)° C = 2.94 W < 

COMMENTS: (1) For the prescribed surface temperature and convection coefficient, 
radiation will be negligible relative to convection. However, conduction through the base 
could be significant, thereby permitting operation at a larger power. 

(2) The local convection coefficient varies over the surface, and hot spots could exist if there 
are locations at which the local value of h is substantially smaller than the prescribed average 
value. 



where A = ;t|dL + D 2 /4j = n 0.012mx0.01m + (0.012m) 2 /4 
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PROBLEM 1.20 



KNOWN: Air jet impingement is an effective means of cooling logic chips. 

FIND: Procedure for measuring convection coefficients associated with a 10 mm x 10 mm chip. 

SCHEMATIC: 




^elec 

ASSUMPTIONS: Steady-state conditions. 

ANALYSIS: One approach would be to use the actual chip-substrate system, Case (a), to perform the 
measurements. In this case, the electric power dissipated in the chip would be transferred from the chip 
by radiation and conduction (to the substrate), as well as by convection to the jet. An energy balance for 

the chip yields q elec = q conv + q con( j + q ra d . Hence, with q conv = hA(T s -T^) , where A = 100 

mm 2 is the surface area of the chip, 

^ _ lelec ~ Qcond ~ Qrad 

While the electric power (q e i ec ) and the jet (T^) and surface (T s ) temperatures may be measured, losses 

from the chip by conduction and radiation would have to be estimated. Unless the losses are negligible 
(an unlikely condition), the accuracy of the procedure could be compromised by uncertainties associated 
with determining the conduction and radiation losses. 

A second approach, Case (b), could involve fabrication of a heater assembly for which the 
conduction and radiation losses are controlled and minimized. A 10 mm x 10 mm copper block (k ~ 400 
W/m-K) could be inserted in a poorly conducting substrate (k < 0.1 W/m-K) and a patch heater could be 
applied to the back of the block and insulated from below. If conduction to both the substrate and 
insulation could thereby be rendered negligible, heat would be transferred almost exclusively through the 
block. If radiation were rendered negligible by applying a low emissivity coating (e < 0.1) to the surface 
of the copper block, virtually all of the heat would be transferred by convection to the jet. Hence, q con( j 

and q rad may be neglected in equation (1), and the expression may be used to accurately determine h 
from the known (A) and measured (q e i ec , T s , T^) quantities. 

COMMENTS: Since convection coefficients associated with gas flows are generally small, concurrent 
heat transfer by radiation and/or conduction must often be considered. However, jet impingement is one 
of the more effective means of transferring heat by convection and convection coefficients well in excess 
of 100 W/m 2 -K may be achieved. 
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PROBLEM 1.21 



KNOWN: Upper temperature set point, T set , of a bimetallic switch and convection heat 
transfer coefficient between clothes dryer air and exposed surface of switch. 

FIND: Electrical power for heater to maintain T set when air temperature is = 50°C. 
SCHEMATIC: 

Dryer wall 



e/ec 



— -AAAA/WWWWV 



~& = 50°C 



■conv 



-Xnsulation pad 
i Electrical heater 
Bimetallic switch 



12 et =70*C,A s =30mm* 



ASSUMPTIONS: (1) Steady-state conditions, (2) Electrical heater is perfectly insulated 
from dryer wall, (3) Heater and switch are isothermal at T set , (4) Negligible heat transfer from 
sides of heater or switch, (5) Switch surface, A s , loses heat only by convection. 

ANALYSIS: Define a control volume around the bimetallic switch which experiences heat 
input from the heater and convection heat transfer to the dryer air. That is, 

E in " E out = 0 

qelec - hA s( T set- T oo) = 0. 

The electrical power required is, 
Qelec = nA s ( T set ~ T oo ) 

q elec =25 W/m 2 -Kx30xl0" 6 m 2 (70-50) K=15 mW. < 

COMMENTS: (1) This type of controller can achieve variable operating air temperatures 
with a single set-point, inexpensive, bimetallic-thermostatic switch by adjusting power levels 
to the heater. 

(2) Will the heater power requirement increase or decrease if the insulation pad is other than 
perfect? 
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PROBLEM 1.22 



KNOWN: Hot vertical plate suspended in cool, still air. Change in plate temperature with time at the 
instant when the plate temperature is 225°C. 

FIND: Convection heat transfer coefficient for this condition. 

SCHEMATIC: 



T^ZZ5°C 




-Plate, 0.3x0.3m 
M=3.75k S , C p =Z770J/kg-K 



T(t) 
1 
L 




4f -- -0.022 K/s 



ASSUMPTIONS: (1) Plate is isothermal, (2) Negligible radiation exchange with surroundings, (3) 
Negligible heat lost through suspension wires. 

ANALYSIS: As shown in the cooling curve above, the plate temperature decreases with time. The 
condition of interest is for time t Q . For a control surface about the plate, the conservation of energy 
requirement is 



in 



Eout - E s t 



-2hA s (T s -T 00 )=Mc p 



dT 
dt 




1 9 



where A s is the surface area of one side of the plate. Solving for h, find 



h = 



Mc r 



-dT 



h = 



2A S (T S -T x ){ dt 

3.75 kg x 2770 J/kg-K 
2x (0.3x0.3)m 2 (225-25)K 



-x 0.022 K/s = 6.3 W/m z • K 



COMMENTS: (1) Assuming the plate is very highly polished with emissivity of 0.08, determine 
whether radiation exchange with the surroundings at 25°C is negligible compared to convection. 

(2) We will later consider the criterion for determining whether the isothermal plate assumption is 
reasonable. If the thermal conductivity of the present plate were high (such as aluminum or copper), 
the criterion would be satisfied. 
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PROBLEM 1.23 

KNOWN: Width, input power and efficiency of a transmission. Temperature and convection 
coefficient associated with air flow over the casing. 

FIND: Surface temperature of casing. 

SCHEMATIC: 



P 0 = T\P\ 

T — > 

W= 0.3 m 

ASSUMPTIONS: (1) Steady state, (2) Uniform convection coefficient and surface temperature, (3) 
Negligible radiation. 

ANALYSIS: From Newton's law of cooling, 

q = hA s (T s -T o0 ) = 6hW 2 (T s -T OD ) 

where the output power is Tp?i and the heat rate is 

q = p x - P Q = p x (1 - n) = 150 hp x 746 W / hp x 0.07 = 7833 W 

Hence, 

T s = ^ + — ^ = 30°C + = 102.5°C < 

6hW z 6x200 W/m z -Kx(0.3m) z 

COMMENTS: There will, in fact, be considerable variability of the local convection coefficient over 
the transmission case and the prescribed value represents an average over the surface. 
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PROBLEM 1.24 

KNOWN: Air and wall temperatures of a room. Surface temperature, convection coefficient 
and emissivity of a person in the room. 

FIND: Basis for difference in comfort level between summer and winter. 
SCHEMATIC: 




ASSUMPTIONS: (1) Person may be approximated as a small object in a large enclosure. 

ANALYSIS: Thermal comfort is linked to heat loss from the human body, and a chilled 
feeling is associated with excessive heat loss. Because the temperature of the room air is 
fixed, the different summer and winter comfort levels cannot be attributed to convection heat 
transfer from the body. In both cases, the heat flux is 

Summer and Winter: q£ onv = h (T s - T^ ) = 2 W/m 2 • K x 1 2 °C = 24 W/m 2 
However, the heat flux due to radiation will differ, with values of 

Summer. q" md = ea |t 4 - T s 4 ur \ = 0.9 x 5.67 x 10" 8 W/m 2 • K 4 ^305 4 - 300 4 j K 4 = 28.3 W/m 2 

Winter. q" md = «x (t 4 - T s 4 r J = 0.9 x 5.67 x 10" 8 W/m 2 • K 4 ^305 4 - 287 4 j K 4 = 95.4 W/m 2 

There is a significant difference between winter and summer radiation fluxes, and the chilled 
condition is attributable to the effect of the colder walls on radiation. 

2 

COMMENTS: For a representative surface area of A = 1.5 m , the heat losses are q con v = 

36 W, q ra d(summer) = 42.5 W and qrad(winter) = 143.1 W. The winter time radiation loss is 
significant and if maintained over a 24 h period would amount to 2,950 kcal. 
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PROBLEM 1.25 

KNOWN: Diameter and emissivity of spherical interplanetary probe. Power dissipation 
within probe. 



FIND: Probe surface temperature 
SCHEMATIC: 



EylSOW 




/* 9 emi f (Radiation free 
space 



D=O.Sm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation incident on the probe. 

ANALYSIS: Conservation of energy dictates a balance between energy generation within 
the probe and radiation emission from the probe surface. Hence, at any instant 

"E ou t + Eg = 0 



1/4 



T s = 



a/4 



150W 



0.8/r(0.5m) z 5.67x10 8 W/m z -K 



T s = 254.7 K. 



COMMENTS: Incident radiation, as, for example, from the sun, would increase the surface 
temperature. 
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PROBLEM 1.26 

KNOWN: Spherical shaped instrumentation package with prescribed surface emissivity within a 
large space- simulation chamber having walls at 77 K. 

FIND: Acceptable power dissipation for operating the package surface temperature in the range T s = 
40 to 85°C. Show graphically the effect of emissivity variations for 0.2 and 0.3. 

SCHEMATIC: 



Chamber walls 



T sur = 77 K 



Electrical x 
power dissipation, P e 




T s = 40 to 85 °C 



Spherical package, 
D = 100 mm, 8 = 0.25 



ASSUMPTIONS: (1) Uniform surface temperature, (2) Chamber walls are large compared to the 
spherical package, and (3) Steady-state conditions. 

ANALYSIS: From an overall energy balance on the package, the internal power dissipation P e will 
be transferred by radiation exchange between the package and the chamber walls. From Eq. 1.7, 

q r ad = p e =eA s a(T s 4 -T^J 

For the condition when T s = 40°C, with A s = irD 2 the power dissipation will be 



P e =0.25(7t x0.10 2 m 2 )x 5.67 xlO" 8 w/m 2 -K 4 x (40 + 273) 4 - 77 



K=4.3 W 



Repeating this calculation for the range 40 < T s < 85°C, we can obtain the power dissipation as a 
function of surface temperature for the s = 0.25 condition. Similarly, with 0.2 or 0.3, the family of 
curves shown below has been obtained. 




60 70 
Surface temperature, Ts (C) 



— x — Surface emissivity, eps = 0.3 

eps = 0.25 

— e — eps = 0.2 

COMMENTS: (1) As expected, the internal power dissipation increases with increasing emissivity 
and surface temperature. Because the radiation rate equation is non-linear with respect to temperature, 
the power dissipation will likewise not be linear with surface temperature. 

(2) What is the maximum power dissipation that is possible if the surface temperature is not to exceed 
85°C? What kind of a coating should be applied to the instrument package in order to approach this 
limiting condition? 
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PROBLEM 1.27 



KNOWN: Hot plate suspended in vacuum and surroundings temperature. Mass, specific heat, area 
and time rate of change of plate temperature. 

FIND: (a) The emissivity of the plate, and (b) The rate at which radiation is emitted from the plate. 

SCHEMATIC: 

T SU r=25-C 




T s = 225°C 



T(t) 



Plate, 0.3 m x 0.3 m 
M = 3.75 kg, c p = 2770 J/kg • K 



.^1 = -0.022K/ 
dt /s 



Hrad 




ASSUMPTIONS: (1) Plate is isothermal and at uniform temperature, (2) Large surroundings, (3) 
Negligible heat loss through suspension wires. 

ANALYSIS: For a control volume about the plate, the conservation of energy requirement is 

Ein " E out = E s( (1) 



dT 

where E_ t = Mc n — 



and for large surroundings E in - E out = Aso(T sur - T s ) 



(2) 
(3) 



Combining Eqns. (1) through (3) yields 
dT 



e - 



dt 



Act (T 4 -T 4 ) 

v sur s > 



Noting that T sur = 25°C + 273 K = 298 K and T s = 225°C + 273 K = 498 K, we find 

3.75 kg x 2770^— x (-0.022 — ) 
e= kg ' K „, S =0.42 



2 x 0.3 m x 0.3 m x 5.67 x 10" 8 , W . (498 4 - 298 4 ) K 4 

m 2 • K 4 



The rate at which radiation is emitted from the plate is 

q rade = eAcT 4 = 0.42 x 2 x 0.3 m x 0.3 m x 5.67 x 10" ; 



W 



m 2 -K 4 



x (498 K) 4 = 264 W < 



COMMENTS: Note the importance of using kelvins when working with radiation heat transfer. 
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PROBLEM 1.28 



KNOWN: Length, diameter, surface temperature and emissivity of steam line. Temperature 
and convection coefficient associated with ambient air. Efficiency and fuel cost for gas fired 
furnace. 

FIND: (a) Rate of heat loss, (b) Annual cost of heat loss. 
SCHEMATIC: 

T 00 = 25°C 




CJ^J? h = 10W/m 2 -K 



Tcnr — 25°C 



Qrad 



D = 100 mm 




T s = 150°C, 8 = 0.8 



L = 25m 



ASSUMPTIONS: (1) Steam line operates continuously throughout year, (2) Net radiation 
transfer is between small surface (steam line) and large enclosure (plant walls). 

ANALYSIS: (a) From Eqs. (1.3a) and (1.7), the heat loss is 



h(T s -T ro ) + «x(T 4 -T 4 r ) 



CI - Iconv + Imd ~ A 

where A = ;rDL = ;r(0.1mx25m) = 7.85m 2 . 
Hence, 



q = 7.85m 2 



10 W/m 2 • K(150 - 25)K + 0.8 x 5.67 x 10~ 8 W/m 2 • K 4 (423 4 - 298 4 ) K 4 



q = 7.85m 2 (1,250 + 1, 095) W/m 2 = (9813 + 8592)\V = 18,405 W < 
(b) The annual energy loss is 

E = qt = 18,405 Wx 3600 s/h x 24h/d x 365 d/y = 5.80 xlO 11 J 
With a furnace energy consumption of E f = E/rj f = 6.45 x 10 11 J, the annual cost of the loss is 

C = C g E f = 0.01 $/MJ x 6.45 x 10 5 MJ = $6450 < 

COMMENTS: The heat loss and related costs are unacceptable and should be reduced by 
insulating the steam line. 
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PROBLEM 1.29 



t2 rp2 

l s + A sur 



KNOWN: Exact and approximate expressions for the linearized radiation coefficient, h r and h ra , 
respectively. 

FIND: (a) Comparison of the coefficients with s = 0.05 and 0.9 and surface temperatures which may 
exceed that of the surroundings (T sur = 25°C) by 10 to 100°C; also comparison with a free convection 
coefficient correlation, (b) Plot of the relative error (h r - r ra )/h r as a function of the furnace temperature 
associated with a workpiece at T s = 25°C having 8 = 0.05, 0.2 or 0.9. 

ASSUMPTIONS: (1) Furnace walls are large compared to the workpiece and (2) Steady-state 
conditions. 

ANALYSIS: (a) The linearized radiation coefficient, Eq. 1.9, follows from the radiation exchange 
rate equation, 

h r = ^( T s+ T sur)( T s 
If T s « T sur , the coefficient may be approximated by the simpler expression 

h r , a =4«7f 3 T = (T s +T sur )/2 

For the condition of 8 = 0.05, T s = T sur + 10 = 35°C = 308 K and T sur = 25°C = 298 K, find that 

h r = 0.05 x 5.67 x 10" 8 w/ m 2 • K 4 (308 + 298) ^308 2 + 298 2 j K 3 = 0.32 w/ m 2 • K 

h r,a = 4 x °- 05 x 5.67 x 10" 8 w/ m 2 • K 4 ((308 + 298) /if K 3 = 0.32 w/ m 2 • K 
The free convection coefficient with T s = 35°C and T^ = T sur = 25°C, find that 

h = 0.98AT 1/3 =0.98(T S -T^) 173 =0.98(308-298) 1/3 = 2.iw/m 2 -K < 

For the range T s - T sur = 10 to 100°C with 8 = 0.05 and 0.9, the results for the coefficients are tabulated 
below. For this range of surface and surroundings temperatures, the radiation and free convection 
coefficients are of comparable magnitude for moderate values of the emissivity, say 8 > 0.2. The 
approximate expression for the linearized radiation coefficient is valid within 2% for these conditions. 

(b) The above expressions for the radiation coefficients, h r and h r a , are used for the workpiece at T s = 
25°C placed inside a furnace with walls which may vary from 100 to 1000°C. The relative error, (h r - 
h ra )/h r , will be independent of the surface emissivity and is plotted as a function of T sur . For T sur > 
200°C, the approximate expression provides estimates which are in error more than 5%. The 
approximate expression should be used with caution, and only for surface and surrounding 
temperature differences of 50 to 100°C. 



< 
< 



Coefficients (W/m 2 -K) 



T s (°C) 


8 


h r 


h r , a 


h 


o 
o 


35 


0.05 


0.32 


0.32 


2.1 


-C 

? 




0.9 


5.7 


5.7 




sz 
-E 


135 


0.05 


0.51 


0.50 


4.7 


o 
o3 




0.9 


9.2 


9.0 








100 300 500 700 900 

Surroundings temperature, Tsur (C) 
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PROBLEM 1.30 



KNOWN: Chip width, temperature, and heat loss by convection in air. Chip emissivity and 
temperature of large surroundings. 

FIND: Increase in chip power due to radiation. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between small surface 
and large enclosure. 

ANALYSIS: Heat transfer from the chip due to net radiation exchange with the surroundings 
is 

q rad =*W 2 a(T 4 -T s 4 ur ) 

q rad =0.9(0.005 m) 2 5.67xl0" 8 W/m 2 -K 4 ^358 4 -288 4 Jk 4 

q rad = 0.0122 W. 
The percent increase in chip power is therefore 

^xlOO = ^LxlOO = a0122W xlOO = 3.5%. < 
P q conv 0.350 W 

COMMENTS: For the prescribed conditions, radiation effects are small. Relative to 
convection, the effect of radiation would increase with increasing chip temperature and 
decreasing convection coefficient. 
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PROBLEM 1.31 

KNOWN: Width, surface emissivity and maximum allowable temperature of an electronic chip. 
Temperature of air and surroundings. Convection coefficient. 

2 1/4 

FIND: (a) Maximum power dissipation for free convection with h(W/m -K) = 4.2(T - T x ) , (b) 

2 

Maximum power dissipation for forced convection with h = 250 W/m K. 
SCHEMATIC: 




Too = 25°C 
h = 4.2(15-100) 
or 

h = 250 W/m 2 -K 



Substrate 



Chip, P e iec 
T s = 85°C, £ = 0.60 
L = 15 mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between a small surface and a 
large enclosure, (3) Negligible heat transfer from sides of chip or from back of chip by conduction 
through the substrate. 

ANALYSIS: Subject to the foregoing assumptions, electric power dissipation by the chip must be 
balanced by convection and radiation heat transfer from the chip. Hence, from Eq. (1.10), 



Pelec - Iconv + Irad - hA (T s T^ ) + sA<j ( T 4 T^ ur j 



where A = L 2 =(0.015m) 2 =2.25x10 4 m 2 . 



(a) If heat transfer is by natural convection, 

qconv =C A(T S - Too) 574 = 4.2 W/m 2 -K 5/4 |2.25xl0~ 4 m 2 J(60K) 5/4 =0.158 W 

q rad = 0.60 1 2.25 x 10" 4 m 2 J 5.67 x 10" 8 W/m 2 ■ K 4 ^358 4 - 298 4 J K 4 = 0.065 W 



P e l ec = 0. 158 W + 0.065 W = 0.223 W 
(b) If heat transfer is by forced convection, 



q conv = hA(T s - Too) = 250 W/m 2 ■ k| 2.25x10 4 m 2 )(60K) = 3.375 W 



P e iec =3.375 W + 0.065 W = 3.44 W < 

COMMENTS: Clearly, radiation and natural convection are inefficient mechanisms for transferring 

2 

heat from the chip. For T s = 85°C and T^ = 25°C, the natural convection coefficient is 1 1.7 W/m -K. 

2 

Even for forced convection with h = 250 W/m -K, the power dissipation is well below that associated 
with many of today's processors. To provide acceptable cooling, it is often necessary to attach the 
chip to a highly conducting substrate and to thereby provide an additional heat transfer mechanism due 
to conduction from the back surface. 
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PROBLEM 1.32 



KNOWN: Vacuum enclosure maintained at 77 K by liquid nitrogen shroud while baseplate is 
maintained at 300 K by an electrical heater. 

FIND: (a) Electrical power required to maintain baseplate, (b) Liquid nitrogen consumption rate, (c) 
Effect on consumption rate if aluminum foil (Sp = 0.09) is bonded to baseplate surface. 

SCHEMATIC: 



Shroud, ~Ilh=77K- 




Insulation— 



-Baseplate, Dp=0.3m 
-Electrical heater 



ASSUMPTIONS: (1) Steady-state conditions, (2) No heat losses from backside of heater or sides of 
plate, (3) Vacuum enclosure large compared to baseplate, (4) Enclosure is evacuated with negligible 
convection, (5) Liquid nitrogen (LN2) is heated only by heat transfer to the shroud, and (6) Foil is 
intimately bonded to baseplate. 

PROPERTIES: Heat of vaporization of liquid nitrogen (given): 125 kJ/kg. 

ANALYSIS: (a) From an energy balance on the baseplate, 

E in - E out = 0 q dec - q rad = 0 

and using Eq. 1.7 for radiative exchange between the baseplate and shroud, 

lelec = " T sh)" 

Substituting numerical values, with A p = (^/4), find 

q elec = 0.25^(0.3 m) 2 /4)5.67xl0" 8 W/m 2 -K 4 (300 4 - 77 4 )k 4 = 8.1 W. < 

(b) From an energy balance on the enclosure, radiative transfer heats the liquid nitrogen stream 
causing evaporation, 

E in " E out = 0 q rad - m LN2 h fg = 0 

where rh L N2 * s * e liquid nitrogen consumption rate. Hence, 

mLN2 = q r ad /h fg = 8.1 W/ 125 kJ /kg = 6.48 x 10" 5 kg / s = 0.23 kg/ h. < 

(c) If aluminum foil (Sp = 0.09) were bonded to the upper surface of the baseplate, 

Woil =qrad(^f /*p) =8-1 W(0.09/0.25) = 2.9 W 
and the liquid nitrogen consumption rate would be reduced by 



(0.25 - 0.09)/0.25 = 64% to 0.083 kg/h. 
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PROBLEM 1.33 



KNOWN: Width, input power and efficiency of a transmission. Temperature and convection 
coefficient for air flow over the casing. Emissivity of casing and temperature of surroundings. 

FIND: Surface temperature of casing. 

SCHEMATIC: 



To, = 30°C 



hi = 200 W/m 2 -K 



Pi = 150 hp 




W= 0.3 m 



ASSUMPTIONS: (1) Steady state, (2) Uniform convection coefficient and surface temperature, (3) 
Radiation exchange with large surroundings. 

ANALYSIS: Heat transfer from the case must balance heat dissipation in the transmission, which 
may be expressed as q = Pi - P 0 = Pi (1 - r|) = 150 hp x 746 W/hp x 0.07 = 7833 W. Heat transfer 
from the case is by convection and radiation, in which case 



q = A s 



h(T s -T 00 ) + ^(T s 4 -T s 4 ur ) 



where A s = 6 W . Hence, 



7833 W = 6 (0.30 m) 2 200 W / m 2 • K (T s - 303K) + 0.8 x 5.67 x 10 8 W / m 2 • K 4 (t 4 - 303 4 J K 4 



A trial-and-error solution yields 



T s *373K = 100°C 



COMMENTS: ( 1) For T s « 373 K, q conv * 7,560 W and q rad * 270 W, in which case heat transfer is 
dominated by convection, (2) If radiation is neglected, the corresponding surface temperature is T s = 
102.5°C. 
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PROBLEM 1.34 

KNOWN: Resistor connected to a battery operating at a prescribed temperature in air. 

FIND: (a) Considering the resistor as the system, determine corresponding values for E m (W) , 
Eg (W)> E ou t ( W) and E st (W) . If a control surface is placed about the entire system, determine 
the values for E m , Eg , E out , and E st . (b) Determine the volumetric heat generation rate within 

the resistor, q (W/m 3 ), (c) Neglecting radiation from the resistor, determine the convection 
coefficient. 



SCHEMATIC: 



Battery 
V= 24V 



/ = 6A 




Resistor, T s = 95 °C 

D = 60 mm, L = 250 mm, q (W/m 3 ) 

Air 




ASSUMPTIONS: (1) Electrical power is dissipated uniformly within the resistor, (2) Temperature of 
the resistor is uniform, (3) Negligible electrical power dissipated in the lead wires, (4) Negligible 
radiation exchange between the resistor and the surroundings, (5) No heat transfer occurs from the 
battery, (5) Steady-state conditions in the resistor. 

ANALYSIS: (a) Referring to Section 1.3.1, the conservation of energy requirement for a control 
volume at an instant of time, Equation 1.1 lc, is 

E m + Eg — E out = E st 

where E m , E out correspond to surface inflow and outflow processes, respectively. The energy 

generation term Eg is associated with conversion of some other energy form (chemical, electrical, 

electromagnetic or nuclear) to thermal energy. The energy storage term E st is associated with 

changes in the internal, kinetic and/or potential energies of the matter in the control volume. Eg , E st 

are volumetric phenomena. The electrical power delivered by the battery is P = VI = 24Vx6A = 144 
W. 



Control volume: Resistor. 



E in =0 



144W 



Eout- 144 W 
E st =0 



cv ' 



h E st 



'■ out 



The Eg term is due to conversion of electrical energy to thermal energy. The term E out is due to 
convection from the resistor surface to the air. 

Continued.. 
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PROBLEM 1.34 (Cont.) 



Control volume: Battery-Resistor System. 



Eto=0 E out =144W < 

E = 144W E st = 0 




Since we are considering conservation of thermal and mechanical energy, the conversion of chemical 
energy to electrical energy in the battery is irrelevant, and including the battery in the control volume 
doesn't change the thermal and mechanical energy terms 

(b) From the energy balance on the resistor with volume, V = (tcD 2 /4)L, 

E g =qV 144 W = q ^ (0.06m) 2 / 4) x 0.25 m q = 2.04 x 10 5 w/m 3 

(c) From the energy balance on the resistor and Newton's law of cooling with A s = 7T.DL + 2(tzD z /4), 

^out = lev = hA s (T s — ) 



144W = h 



n x 0.06m x 0.25m + l[n x 0.06 2 m 2 /4) (95 - 25)° C 
144 W = h [0.047 1 + 0.0057]m 2 (95 - 25)° C 

h = 39.0w/m 2 -K < 

COMMENTS: (1) In using the conservation of energy requirement, Equation 1.11c, it is important to 
recognize that E m and E out will always represent surface processes and Eg and E st , volumetric 

processes. The generation term Eg is associated with a conversion process from some form of energy 

to thermal energy. The storage term E st represents the rate of change of internal kinetic, and 
potential energy. 

(2) From Table 1.1 and the magnitude of the convection coefficient determined from part (c), we 
conclude that the resistor is experiencing forced, rather than free, convection. 
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PROBLEM 1.35 

KNOWN: Thickness and initial temperature of an aluminum plate whose thermal environment is 
changed. 

FIND: (a) Initial rate of temperature change, (b) Steady-state temperature of plate, (c) Effect of 
emissivity and absorptivity on steady-state temperature. 

SCHEMATIC: 

<!E? e 



Too = 20 °C 
/j = 20W/m 2 -K 



y'conv / ,G s = 900W/m 2 

n 2 -K * / / / 

' J_ _ j y — Specie 

^ 3 -7-5 1 L = 4 mm > as= n ° 

K / f~ ~ ,77. - -f- - 1 ~ - / e = 0.2 

L — Initial tpmnprah irp» T- = 



Special coating 
.= 0.80 
|.25 



Al plate 
p = 2700 kg/rrr 
c = 900 J/kg 

Initial temperature, T ; = 25 °C 

ASSUMPTIONS: (1) Negligible end effects, (2) Uniform plate temperature at any instant, (3) 
Constant properties, (4) Adiabatic bottom surface, (5) Negligible radiation from surroundings, (6) No 
internal heat generation. 

ANALYSIS: (a) Applying an energy balance, Eq. 1.1 lc, at an instant of time to a control volume 
about the plate, Ej n - E out = E st , it follows for a unit surface area. 

« S G S (lm 2 )- E (lm 2 )- qc 0nv (lm 2 J = (d/dt ) (McT) = p [\ m 2 x L J c (dT/dt) . 
Rearranging and substituting fromEqs. 1.3 and 1.5, we obtain 
dT/dt = (l/>Lc) [« S G S - salt - h (Tj - T^ ) . 

-1 



dT/dt = 2700kg/ m J x 0.004 mx 900 J/kg • K 



0.8 x 900 W/ m 2 - 0.25 x 5.67 x 10 8 W/m 2 • K 4 (298 K) 4 - 20 W/m 2 • K (25 - 20)° C 

dT/dt = 0.052° C/s . 
(b) Under steady-state conditions, E st = 0, and the energy balance reduces to 

« S G S =«rT 4 + h(T-T 00 ) 

0.8x900w/m 2 = 0.25 x 5.67 xlO" 8 w/m 2 • K 4 x T 4 + 20 w/m 2 • K(T - 293K) 



< 

(2) 



The solution yields T = 321.4 K = 48.4°C. < 
(c) Using the IHT First Law Model for an Isothermal Plane Wall, parametric calculations yield the 
following results. 




Coating emissivity. eps 



Solar absorptivity, alphaS = 1 
alphaS = 0.8 
alphaS = 0.5 



COMMENTS: The surface radiative properties have a significant effect on the plate temperature, 
which decreases with increasing s and decreasing as- If a low temperature is desired, the plate coating 
should be characterized by a large value of s/as- The temperature also decreases with increasing h. 
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PROBLEM 1.36 

KNOWN: Blood inlet and outlet temperatures and flow rate. Dimensions of tubing. 
FIND: Required rate of heat addition and estimate of kinetic and potential energy changes. 

SCHEMATIC: /wnnri A ■ 

C Blooey v = 200 mt/min,T in = 10<€ 




2 m 



1.6 mm 



T ou t = 37<€ 

ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible liquid with negligible kinetic and 
potential energy changes, (3) Blood has properties of water. 

PROPERTIES: Table A.6, Water ( T ~ 300 K): c p , f = 4179 J/ kg- K, p f = l/v f = 997 kg/m 3 . 
ANALYSIS: From an overall energy balance, Equation l.lle, 
q = mc p (T out -T in ) 



where 



Thus 



m = p f V = 997 kg/m 3 x 200 rn^/min x 10" 6 m 3 /m^ / 60 s/min = 3.32 x 10~ 3 kg/s 



q = 3.32 x 10" 3 kg/s x 4179 J/kg • K x (37°C - 10°C) = 375 W < 

The velocity in the tube is given by 

V = V/A c = 200 rn^/min x 10" 6 m 3 /m^ / (60 s/min x 6.4 x 10" 3 m x 1.6 x 10 3 m)= 0.33 m/s 

The change in kinetic energy is 

m(-V 2 - 0) = 3.32 x 10" 3 kg/s x - x (0.33 m/s) 2 = 1.8 x 10" 4 W < 
2 " 2 



The change in potential energy is 

mgz = 3.32 x 10 3 kg/s x 9.8 m/s 2 x 2 m = 0.065 W < 

COMMENT: The kinetic and potential energy changes are both negligible relative to the thermal 
energy change. 
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PROBLEM 1.37 

KNOWN: Daily hot water consumption for a family of four and temperatures associated with ground 
water and water storage tank. Unit cost of electric power. Heat pump COP. 

FIND: Annual heating requirement and costs associated with using electric resistance heating or a 
heat pump. 

SCHEMATIC: 



Q 

Electric heater or 
heat pump, 
COP =3 



tJJ, 



■Water, Ts= 15 °C 
Tf=ssk, V=100 gal 



ASSUMPTIONS: (1) Process may be modelled as one involving heat addition in a closed system, (2) 
Properties of water are constant. 

PROPERTIES: Table A-6, Water (T avg = 308 K): p= v" 1 = 993 kg/m 3 , c p f = 4.178 kJ/kg-K. 

ANALYSIS: From Eq. 1. 1 la, the daily heating requirement is Qd a jiy = AU t = McAT 
= pYc (T f - Tj ) . With V = 100 gal/264. 17 gal/m 3 = 0.379 m 3 , 

Qdaily =993kg/m 3 (o.379m 3 j4.178kJ/kg-K(40°cj = 62,900 kJ 

The annual heating requirement is then, Q annua i = 365days(62,900kJ/day) = 2.30x10 kJ , or, 
with 1 kWh = 1 kJ/s (3600 s) = 3600 kJ, 

Qannuai = 6380 kWh < 

With electric resistance heating, Qannuai = Qelec anc ^ tne associated cost, C, is 

C = 6380kWh($0.08/kWh) = $510 < 
If a heat pump is used, Q annua i = COP ( W e [ ec ) . Hence, 

w elec = Qannual^COP) = 6380kWh/(3) = 2130kWh 
The corresponding cost is 

C = 2130kWh($0.08/kWh) = $170 < 

COMMENTS: Although annual operating costs are significantly lower for a heat pump, 
corresponding capital costs are much higher. The feasibility of this approach depends on other factors 
such as geography and seasonal variations in COP, as well as the time value of money. 
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PROBLEM 1.38 



KNOWN: Initial temperature of water and tank volume. Power dissipation, emissivity, length and 
diameter of submerged heaters. Expressions for convection coefficient associated with natural 
convection in water and air. 

FIND: (a) Time to raise temperature of water to prescribed value, (b) Heater temperature shortly after 
activation and at conclusion of process, (c) Heater temperature if activated in air. 

SCHEMATIC: 

Water 
Tj = 295 K 
T f = 335 K 

Heater 
L = 250 mm 
D = 25 mm 
q-l = 500 W 

ASSUMPTIONS: (1) Negligible heat loss from tank to surroundings, (2) Water is well-mixed (at a 
uniform, but time varying temperature) during heating, (3) Negligible changes in thermal energy 
storage for heaters, (4) Constant properties, (5) Surroundings afforded by tank wall are large relative 
to heaters. 




ANALYSIS: (a) Application of conservation of energy to a closed system (the water) at an 
instant, Equation (1.11c), with 

E st = dU t /dt, E in = 3q 1? E out = 0, and E g = 0, 

yields ^1. - 3q, and pVc— =3q, 
dt 1 dt 1 

Hence, j^dt = (/>Vc/3 qi ) J f dT 

990 kg/m 3 x 10gal(3.79 x l(T 3 m 3 / gal) 4180 J/kg • K 

t = ' - 

3x500W 

(b) From Equation (1.3a), the heat rate by convection from each heater is 

x4/3 



(335 -295)K = 4180 s 



q L = Aq" = Ah(T s -T) = (;rDL)370(T s -T) 



Hence, T s = T 



1i 



3/4 



f 



T 



500 W 



N 3/4 



V370 W/m 2 -K 4/3 x;rx 0.025 mx 0.250 m. 



:(T + 24)K 



^370^-DL, 

With water temperatures of Tj « 295 K and T f = 335 K shortly after the start of heating and at the end 

of heating, respectively, T s i = 319 K and T s f = 359 K < 
(c) From Equation (1.10), the heat rate in air is 

q t =;rDL[o.70(T s -T^) 4 ' 3 +«t(t 4 -T s 4 ur ) 

Substituting the prescribed values of qi, D, L, T^ = T SU1 and s, an iterative solution yields 

T s = 830 K < 

COMMENTS: In part (c) it is presumed that the heater can be operated at T s = 830 K without 
experiencing burnout. The much larger value of T s for air is due to the smaller convection coefficient. 
However, with q conv and q rad equal to 59 W and 441 W, respectively, a significant portion of the heat 
dissipation is effected by radiation. 
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PROBLEM 1.39 

KNOWN: Power consumption, diameter, and inlet and discharge temperatures of a hair dryer. 
FIND: (a) Volumetric flow rate and discharge velocity of heated air, (b) Heat loss from case. 
SCHEMATIC: 

r^TK T m = 2o°c 

^_JLj h = 4 W/m 2 -K 
°lrad q C on< 

D = 70 mm 

Air V, Ti = 20°C 




T sur = 20°C 



^^rad q conv ^ 



T q = 40°C, 8 = 0.8 



V 0 , T 0 = 45 U C 



V 



L = 150 mm 



p = 1.10 kg/m 
c p = 1007 J/kg-K 



/ Pelec = 500 W 

ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and kinetic 
energy changes of air flow, (4) Negligible work done by fan, (5) Negligible heat transfer from casing 
of dryer to ambient air (Part (a)), (6) Radiation exchange between a small surface and a large 
enclosure (Part (b)). 

ANALYSIS: (a) For a control surface about the air flow passage through the dryer, conservation 
of energy for an open system reduces to 

rh(u + pv). - m(u + pv) o + q = 0 
where u + pv = i and q = P elec . Hence, with m(ij - i 0 ) = mc p (T ; - T 0 ), 
ril c p (T 0 -T i ) = P elec 



m : 



elec 



500 W 



v = — = 



c p( T o" T i) 1007 J/kg-K (25°C) 
m 0.0199 kg/s 



= 0.0199 kg/s 



= 0.0181m J /s 



p 1.10 kg/m 3 



V, 



V 



4V 4x0.0181 nrVs 



° A c „ D 2 



: 4.7 m/s 



< 
< 



^(0.07 m) 

(b) Heat transfer from the casing is by convection and radiation, and from Equation (1.10) 

1 = hA s (T s -Too ) + ^A s cr (T s 4 - T 4 r ) 

where A s =;rDL = ;r(0.07 mx0.15 m) = 0.033 m 2 . Hence, 

q = 4W/m 2 • K(0.033 m 2 )(20°c) + 0.8 x 0.033 m 2 x 5.67 x 10 -8 W/m 2 • K 4 (313 4 - 293 4 )k 4 
q = 2.64 W + 3.33 W = 5.97 W < 



The heat loss is much less than the electrical power, and the assumption of negligible heat loss is 
justified. 

COMMENTS: Although the mass flow rate is invariant, the volumetric flow rate increases because 
the air is heated in its passage through the dryer, causing a reduction in the density. However, for the 

prescribed temperature rise, the change in p, and hence the effect on V, is small. 
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PROBLEM 1.40 



KNOWN: Speed, width, thickness and initial and final temperatures of 304 stainless steel in an 
annealing process. Dimensions of annealing oven and temperature, emissivity and convection 
coefficient of surfaces exposed to ambient air and large surroundings of equivalent temperatures. 
Thickness of pad on which oven rests and pad surface temperatures. 



FIND: Oven operating power. 
SCHEMATIC: 



Oven 



• 7oo= 300 K 
h= 10 W/m 2 -K 



,elec 



H Q = 2 m 




St. St. 304 
/ T / = 300 K / 7 Q = 1250 K 



T s = 350 K 
8 S = 0.8 



I t s = 0.008 m 



u 



,7- = 350 K 



t c = 0.5 m 



Concrete 



300 K 



V s = 0.01 m/s 
W s = 2 m 



T sur = 300 K 



ASSUMPTIONS: (1) steady-state, (2) Constant properties, (3) Negligible changes in kinetic and 
potential energy. 

PROPERTIES: Table A.l, St.St.304 (T = (Tj + T Q )/2 = 775 K) : p = 7900 kg/m 3 , c p = 578 J/kg-K; 
Table A.3, Concrete, T = 300 K: k c = 1.4 W/m-K. 

ANALYSIS: The rate of energy addition to the oven must balance the rate of energy transfer to the 
steel sheet and the rate of heat loss from the oven. Viewing the oven as an open system, Equation 
(1. lie) yields 

P elec-q = rilc p( T o- T i) 

where q is the heat transferred from the oven. With rh = /?V S ( W s t s ) and 

q = (2H 0 L 0 + 2H 0 W D + W 0 L G ) x [h (T s - T ro ) + s s <t(t s 4 - T s 4 ur )] +k c ( W 0 L 0 )(T S - T b )/t c , 
it follows that 

Peiec = P\ ( W s t s )c p (T G - T ; ) + (2H 0 L 0 + 2H 0 W 0 + W G L 0 ) x 
h(T s -T o0 ) + s,a(t ~ tur )] + k c ( W 0 L 0 )(T S - T b )/t c 
p eiec = 7900 kg/m 3 x 0.01m/s(2mx 0.008 m)578J/kg ■ K (1250 -300) K 

+(2 x 2m x 25m + 2 x 2m x 2.4m + 2.4m x 25m)[10W/m 2 ■ K(350 - 300) K 
+0.8 x 5.67 x 1(T 8 W/m 2 ■ K 4 (350 4 - 300 4 \ K 4 ] + 1.4W/m ■ K(2.4m x 25m)(350 - 300)K/0.5m 
p dec = 694,000W + 169.6m 2 (500 + 313) W/m 2 + 8400W 

= ( 694, 000 + 84, 800 + 53, 1 00 + 8400) W = 840kW < 

COMMENTS: Of the total energy input, 83% is transferred to the steel while approximately 
10%, 6% and 1% are lost by convection, radiation and conduction from the oven. The 
convection and radiation losses can both be reduced by adding insulation to the side and top 
surfaces, which would reduce the corresponding value of T s . 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 1.41 



KNOWN: Hot plate-type wafer thermal processing tool based upon heat transfer modes by 
conduction through gas within the gap and by radiation exchange across gap. 

FIND: (a) Radiative and conduction heat fluxes across gap for specified hot plate and wafer 
temperatures and gap separation; initial time rate of change in wafer temperature for each mode, and 
(b) heat fluxes and initial temperature-time change for gap separations of 0.2, 0.5 and 1.0 mm for hot 

plate temperatures 300 < Th < 1300°C. Comment on the relative importance of the modes and the 
influence of the gap distance. Under what conditions could a wafer be heated to 900°C in less than 10 
seconds? 

SCHEMATIC: 



d = 0.78 mm 



D » L 



1 



Hot plate 
T h = 600°C 

Stagnant gas, k 



Wafer 
T w i = 20°C 



H rad > H cond 



Wafer, E st 
i 



ASSUMPTIONS: (1) Steady-state conditions for flux calculations, (2) Diameter of hot plate and 
wafer much larger than gap spacing, approximating plane, infinite planes, (3) One-dimensional 
conduction through gas, (4) Hot plate and wafer are blackbodies, (5) Negligible heat losses from wafer 
backside, and (6) Wafer temperature is uniform at the onset of heating. 

PROPERTIES: Wafer: p = 2700 kg/m 3 , c = 875 J/kg-K; Gas in gap: k = 0.0436 W/m-K. 

ANALYSIS: (a) The radiative heat flux between the hot plate and wafer for Th = 600°C and T w = 
20° C follows from the rate equation, 

qi'ad = c^T 4 - T 4 ) = 5.67 x 10~ 8 W / m 2 • K 4 ((600 + 273) 4 - (20 + 273) 4 J K 4 = 32.5 kW / m 2 < 



The conduction heat flux through the gas in the gap with L = 0.2 mm follows from Fourier's law, 

Th-T w (600-20)K 2 

q C ond= k — ^ = 0.0436W/m-K v ' = 126kW/m 2 < 



0.0002 m 



The initial time rate of change of the wafer can be determined from an energy balance on the wafer at 
the instant of time the heating process begins, 



% ^out ~~ ^st 



Est = P cd 



dX 



w 



dt 



where E" out = 0 and E[ n = q" [ad or q^nd- Substituting numerical values, find 



dX 



w 



dt 



%ad 



32.5xl0 3 W/m 2 



i,rad P cd 2700kg/m 3 x875 J/kg • Kx0.00078 m 



= 17.6 K/s 



dX 



w 



dt 



A,cond 



Qcond 
pcd 



= 68.6 K/s 



Continued 
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PROBLEM 1.41 (Cont.) 



(b) Using the foregoing equations, the heat fluxes and initial rate of temperature change for each mode 
can be calculated for selected gap separations L and range of hot plate temperatures Th with T w = 
20°C. 





Hot plate temperature, Th (C) 



Hot plate temperature, Th (C) 



q"cond. L = 1.0 mm 

■ q"cond, L = 0.5 mm 

■ q"cond, L = 0.2 mm 



q"rad 

q"cond, L = 1 .0 mm 
■ q"cond, L = 0.5 mm 
q"cond, L = 0.2 mm 



In the left-hand graph, the conduction heat flux increases linearly with Th and inversely with L as 
expected. The radiative heat flux is independent of L and highly non-linear with Th, but does not 
approach that for the highest conduction heat rate until Th approaches 1200°C. 

The general trends for the initial temperature-time change, (dT w /dt)i, follow those for the heat fluxes. 
To reach 900°C in 10 s requires an average temperature-time change rate of 90 K/s. Recognizing that 
(dT w /dt) will decrease with increasing T w , this rate could be met only with a very high Th and the 
smallest L. 
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PROBLEM 1.42 

KNOWN: Silicon wafer, radiantly heated by lamps, experiencing an annealing process with known 
backside temperature. 

FIND: Whether temperature difference across the wafer thickness is less than 2°C in order to avoid 
damaging the wafer. 

SCHEMATIC: 



q" s = 3.0x1 0 5 W/m 2 




L = 0.78 mm 



Upper surface, T w>u 
£ = a e = 0.65 

Wafer 

k = 30 W/m-K 
Twi = 997°C 



^rad 



~l~w,u 



1 



1 w,l 



997 U C 



q"cd 

°n -J 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wafer, (3) 
Radiation exchange between upper surface of wafer and surroundings is between a small object and a 
large enclosure, and (4) Vacuum condition in chamber, no convection. 

PROPERTIES: Wafer: k = 30 W/m-K, e = a l = 0.65. 

ANALYSIS: Perform a surface energy balance on the upper surface of the wafer to determine 
T w u . The processes include the absorbed radiant flux from the lamps, radiation exchange with the 

chamber walls, and conduction through the wafer. 



rj ? _ tj " 

^m ^out 



0 



a^ls-qrad-qcd =0 
ociq s -ea T w>u -T sur 



L w,u 



L w,i 



= 0 



0.65x3.0xl0 5 W/m 2 -0.65x5.67xl0" 8 W/m 2 -K 4 |T^ u -(27 + 273) 4 jK z 
-30W/m-K[T w?u - (997 + 273)] K/ 0.00078 m = 0 



T w>u =1273K = 1000°C < 

COMMENTS: (1) The temperature difference for this steady-state operating condition, 

T w u - T w j, is larger than 2°C. Warping of the wafer and inducing slip planes in the crystal structure 

could occur. 

(2) The radiation exchange rate equation requires that temperature must be expressed in kelvin units. 
Why is it permissible to use kelvin or Celsius temperature units in the conduction rate equation? 

(3) Note how the surface energy balance, Eq. 1.12, is represented schematically. It is essential to 
show the control surfaces, and then identify the rate processes associated with the surfaces. Make 
sure the directions (in or out) of the process are consistent with the energy balance equation. 
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PROBLEM 1.43 



KNOWN: Silicon wafer positioned in furnace with top and bottom surfaces exposed to hot and cool 
zones, respectively. 

FIND: (a) Initial rate of change of the wafer temperature corresponding to the wafer temperature 
T w | = 300 K, and (b) Steady-state temperature reached if the wafer remains in this position. How 

significant is convection for this situation? Sketch how you'd expect the wafer temperature to vary as 
a function of vertical distance. 

SCHEMATIC: 




\ "7 



d = 0.78 mm 




T sur , h = 1500K 




Wafer 

\ £ I / T wJ = 300K, orT w , ss 

^ \ 4} P = 2700 kg/m 3 

1 c = 875 J/k 9" K 



Pconv.l 



f qrad,c \ 



8 = 0.65 
Tsur.c = 330 K 




ASSUMPTIONS: (1) Wafer temperature is uniform, (2) Transient conditions when wafer is initially 
positioned, (3) Hot and cool zones have uniform temperatures, (3) Radiation exchange is between 
small surface (wafer) and large enclosure (chamber, hot or cold zone), and (4) Negligible heat losses 
from wafer to mounting pin holder. 

ANALYSIS: The energy balance on the wafer illustrated in the schematic above includes convection 
from the upper (u) and lower (1) surfaces with the ambient gas, radiation exchange with the hot- and 
cool- zone (chamber) surroundings, and the rate of energy storage term for the transient condition. 



^in ^out ~~ ^st 



Irad.h + Irad.c Iconv.u Iconv.l — P C< ^ 



dt 



^( T s 4 ur,h " T w ) + ^( T s 4 ur,c " T w ) " h u ( T w " T oo ) " ^ (T w -T m )= P C& 



dt 



(a) For the initial condition, the time rate of temperature change of the wafer is determined using the 
energy balance above with T w = T w j = 300 K, 



0.65x5.67x10 8 W /m 2 -K 4 (l500 4 -300 4 )k 4 +0.65x5.67x10 8 W/m 2 -K 4 (330 4 -300 4 )k 4 



-8W/m 2 -K(300-700)K-4W/m 2 -K(300-700)K = 
2700kg/m 3 x875J/kg-K x0.00078 m(dT w /dt). 

(dT w /dt). =104K/s < 

(b) For the steady-state condition, the energy storage term is zero, and the energy balance can be 
solved for the steady-state wafer temperature, T w = T w ss . 



Continued 
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PROBLEM 1.43 (Cont.) 



0.65 a (l 500 4 - T 4 SS ) K 4 + 0.65 a (330 4 - T 4 SS ) K 4 

-8 W / m 2 • K (T w ss - 700) K - 4 W / m 2 • K (T w ss - 700) K = 0 

T W>SS =1251K < 

To determine the relative importance of the convection processes, re-solve the energy balance above 
ignoring those processes to find (d T w / dt). =101 K / s and T w ss = 1262 K. We conclude that the 

radiation exchange processes control the initial time rate of temperature change and the steady-state 
temperature. 

If the wafer were elevated above the present operating position, its temperature would increase, since 
the lower surface would begin to experience radiant exchange with progressively more of the hot zone 
chamber. Conversely, by lowering the wafer, the upper surface would experience less radiant 
exchange with the hot zone chamber, and its temperature would decrease. The temperature-distance 
trend might appear as shown in the sketch. 
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PROBLEM 1.44 



KNOWN: Radial distribution of heat dissipation in a cylindrical container of radioactive 
wastes. Surface convection conditions. 

FIND: Total energy generation rate and surface temperature. 

SCHEMATIC: 



rilHr/r 0 f] 




COW 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible temperature drop across thin 
container wall. 

ANALYSIS: The rate of energy generation is 

2;rrLdr 



E g =JqdV=q o J 0 °[l-(r/r o )^ 
E g =2^Lq 0 (ro /2-ro /4) 

or per unit length, 



E' 



^o r o 



Performing an energy balance for a control surface about the container yields, at an instant, 



E' -E' =0 

^out u 



and substituting for the convection heat rate per unit length, 

^i = h(2 OTo )(T s - Too ) 



T = Tv, + 



q 0 r o 

4h 



COMMENTS: The temperature within the radioactive wastes increases with decreasing r 
from T s at r G to a maximum value at the centerline. 
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PROBLEM 1.45 

KNOWN: Rod of prescribed diameter experiencing electrical dissipation from passage of electrical 
current and convection under different air velocity conditions. See Example 1.3. 

FIND: Rod temperature as a function of the electrical current for 0 < I < 10 A with convection 

2 

coefficients of 50, 100 and 250 W/m -K. Will variations in the surface emissivity have a significant 
effect on the rod temperature? 

SCHEMATIC: 



To, = 300 K 

h = 100W/m 2 -K 




T RIir = 300 K 



-> 
-> 



I = 5.2 A 



Pi-ad 4 > — T, D = 
\ / / s = 0 



T, D = 1 mm 
= 0.8, R' e = 0.4 fi/m 



-gen 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform rod temperature, (3) Radiation exchange 
between the outer surface of the rod and the surroundings is between a small surface and large 
enclosure. 

ANALYSIS: The energy balance on the rod for steady-state conditions has the form, 
Qconv + Qrad = Egen 



xDh (T - ^ ) + nVeo (t 4 - T s 4 ur ) = I 2 R^ 



Using this equation in the Workspace of IHT, the rod temperature is calculated and plotted as a 
function of current for selected convection coefficients. 




2 4 6 

Current, I (amperes) 



h=50W/m"2.K 
h = 100 W/m"2.K 
h =250 W/m"2.K 



COMMENTS: (1) For forced convection over the cylinder, the convection heat transfer coefficient is 

dependent upon air velocity approximately as h ~ V . Hence, to achieve a 5-fold change in the 

2 

convection coefficient (from 50 to 250 W/m -K), the air velocity must be changed by a factor of 
nearly 15. 

Continued 
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PROBLEM 1.45 (Cont.) 

2 

(2) For the condition of I = 4 A with h = 50 W/m -K with T = 63.5°C, the convection and radiation 
exchange rates per unit length are, respectively, qc 0nv = 5.7 W / m and qj. ad = 0.67 W/m. We conclude 

that convection is the dominant heat transfer mode and that changes in surface emissivity could have 

2 

only a minor effect. Will this also be the case if h = 100 or 250 W/m -K? 

(3) What would happen to the rod temperature if there was a "loss of coolant" condition where the air 
flow would cease? 

(4) The Workspace for the IHT program to calculate the heat losses and perform the parametric 
analysis to generate the graph is shown below. It is good practice to provide commentary with the 
code making your solution logic clear, and to summarize the results. It is also good practice to show 
plots in customary units, that is, the units used to prescribe the problem. As such the graph of the rod 
temperature is shown above with Celsius units, even though the calculations require temperatures in 
kelvins. 



// Energy balance; from Ex. 1.3, Comment 1 

-q'cv - q'rad + Edot'g = 0 

q'cv = pi*D*h*(T - Tinf) 

q'rad = pi*D*eps*sigma*(T A 4 - TsurM) 

sigma = 5.67e-8 

// The generation term has the form 

Edot'g = l A 2*R'e 

qdot = l A 2*R'e / (pi*D A 2/4) 

// Input parameters 

D = 0.001 
Tsur = 300 

T_C = T - 273 // Representing temperature in Celsius units using _C subscript 

eps = 0.8 
Tinf = 300 
h = 100 

//h = 50 // Values of coefficient for parameter study 

//h = 250 

I = 5.2 // For graph, sweep over range from 0 to 1 0 A 

//I = 4 // For evaluation of heat rates with h = 50 W/m A 2.K 

R'e = 0.4 

/* Base case results: I = 5.2 A with h = 100 W/m A 2.K, find T = 60 C (Comment 2 case). 



Edot'g 


T T_C q'cv 


q'rad 


qdot D I 


R'e 




Tinf Tsur eps 


h 


sigma 




10.82 


332.6 59.55 10.23 


0.5886 


1.377E7 0.001 5.2 


0.4 




300 300 0.8 


100 


5.67E-8 7 




/* Results: I 


= 4 A with h = 50 W/m A 2.K, 


find q'cv = 


5.7 W/m and q'rad = 0.67 W/m 




Edot'g 


T T_C q'cv 


q'rad 


qdot D I R'e 




Tinf 


Tsur eps h 


sigma 






6.4 


336.5 63.47 5.728 


0.6721 


8.1 49E6 0.001 4 0.4 




300 


300 0.8 50 


5.67E-8 


7 
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PROBLEM 1.46 



KNOWN: Long bus bar of prescribed diameter and ambient air and surroundings temperatures. 
Relations for the electrical resistivity and free convection coefficient as a function of temperature. 



FIND: (a) Current carrying capacity of the bus bar if its surface temperature is not to exceed 65°C; 
compare relative importance of convection and radiation exchange heat rates, and (b) Show 
graphically the operating temperature of the bus bar as a function of current for the range 100 < I < 
5000 A for bus-bar diameters of 10, 20 and 40 mm. Plot the ratio of the heat transfer by convection to 
the total heat transfer for these conditions. 



SCHEMATIC: 



Conduit, T sur = 30°C 
Bus-bar 




\ / 



9 rad 



h(T,D) = CD" 0 25 (T- T m ) 0 - 25 



C = 1.21 W-nr 1 75 K- 1 25 



gen 



T = 65°C 
£ = 0.85 
D = 20mm 



PeCO 



ASSUMPTIONS: (1) Steady-state conditions, (2) Bus bar and conduit are very long, (3) Uniform 
bus-bar temperature, (4) Radiation exchange between the outer surface of the bus bar and the conduit 
is between a small surface and a large enclosure. 

PROPERTIES: Bus-bar material, p e = p eo [l+a(T-T 0 )], p eo = 0.0171//Q-m, T 0 = 25°C, 
a = 0.00396 K" 1 . 

ANALYSIS: An energy balance on the bus-bar for a unit length as shown in the schematic above has 
the form 

E m ^out ^^gen u 
_ 1rad ~ Iconv + I Re = 0 

-enTio (t 4 - T s 4 ur ) - h^-D (T - T M ) + 1 Ve / A c = 0 

where R' c =pjA c and A c = ;rD 2 /4. Using the relations for p c (t) and h(T,D), and substituting 
numerical values with T = 65°C, find 

q; ad = 0.85 ;r (0.020m) x 5.67 xl0~ 8 W/m 2 • K 4 ([65 + 273] 4 -[30 + 273] 4 )k 4 =223W/m < 
q' com = 7.83W/m 2 -K;r(0.020m)(65-30)K = 17.2W/m < 



where h = 1.21 W • m -1,75 • K _L25 (0.020m) 025 (65 -30) UZJ = 7.83W/m 2 -K 



v0.25 



i 2 r: 



T 2 (l98.2xlO~ 6 Q-m| 



" 2 m 2 /4 = 6.31xl0~ 5 i 2 W/m 



i)/;r(0.020) 2 

where p e = 0.0171 xlO~ 6 Q- m 1 + 0.00396KT 1 (65 - 25)k] = 198.2//Q • m 

The maximum allowable current capacity and the ratio of the convection to total heat transfer rate are 

I = 1950 A q; v /(q; v +q; ad ) = q^ v /q; ot =0.072 < 

For this operating condition, convection heat transfer is only 7.2% of the total heat transfer. 



(b) Using these equations in the Workspace of IHT, the bus-bar operating temperature is calculated 
and plotted as a function of the current for the range 100 < I < 5000 A for diameters of 10, 20 and 40 
mm. Also shown below is the corresponding graph of the ratio (expressed in percentage units) of the 
eat transfer by convection to the total heat transfer, q' cw / q' tot . 

Continued 
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PROBLEM 1.46 (Cont.) 



100 




2000 3000 
Current, I (A) 



5000 



13 
11 

9 
7 
5 
3 
1 



20 



D = 10 mm 
D = 20 mm 
D = 40 mm 



40 60 80 

Bus bar temperature, T(C) 



100 



D = 10 mm 
D = 20 mm 
D = 40 mm 



COMMENTS: (1) The trade-off between current-carrying capacity, operating temperature and bar 
diameter is shown in the first graph. If the surface temperature is not to exceed 65°C, the maximum 
current capacities for the 10, 20 and 40-mm diameter bus bars are 960, 1950, and 4000 A, 
respectively. 

(2) From the second graph with q' CY /q' tot vs. T, note that the convection heat transfer rate is always a 

small fraction of the total heat transfer. That is, radiation is the dominant mode of heat transfer. Note 
also that the convection contribution increases with increasing diameter. 

(3) The Workspace for the IHT program to perform the parametric analysis and generate the graphs is 
shown below. It is good practice to provide commentary with the code making your solution logic 
clear, and to summarize the results. 



/* Results: base-case conditions, Part (a) 

I R'e cvovertot hbar q'cv q'rad rhoe D 

Tsur_C eps 

1950 6.309E-5 7.171 7.826 17.21 222.8 1.982E-8 0.02 
30 0.85 7 

// Energy balance, on a per unit length basis; steady-state conditions 
// Edot'in - Edot'out + Edot'gen = 0 
-q'cv - q'rad + Edot'gen = 0 
q'cv = hbar * P * (Ts - Tint) 
P = pi * D 

q'rad = eps * sigma * (TsM - TsurM) 
sigma = 5.67e-8 
Edot'gen = l A 2 * R'e 
R'e = rhoe / Ac 

rhoe = rhoeo * (1 + alpha * (Ts - To) ) 
To = 25 + 273 
Ac = pi * D A 2 / 4 



Tinf_C 
30 



Ts_C 
65 



// Convection coefficient 

hbar = 1 .21 * (D A -0.25) * (Ts - Tinf) A 0.25 
// Convection vs. total heat rates 
cvovertot = q'cv / (q'cv + q'rad) * 1 00 



// Compact convection coeff. correlation 



// Input parameters 

D = 0.020 

//D = 0.010 

// D = 0.040 

// 1 = 1950 

rhoeo = 0.01711e-6 

alpha = 0.00396 

Tinf_C =30 

Tint = Tinf_C + 273 

Ts_C = 65 

Ts = Ts_C + 273 

Tsur_C = 30 

Tsur = Tsur_C + 273 

eps = 0.85 



// Values of diameter for parameter study 
// Base case condition unknown 



// Base case condition to determine current 
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PROBLEM 1.47 



KNOWN: Elapsed times corresponding to a temperature change from 15 to 14°C for a reference 
sphere and test sphere of unknown composition suddenly immersed in a stirred water-ice mixture. 
Mass and specific heat of reference sphere. 

FIND: Specific heat of the test sphere of known mass. 

SCHEMATIC: 



T(t), T(0)-T(t) = (15-14)°C 
At r = 6.35 s, At t = 4.59 s 

Reference (r) and test (t) spheres 




M r = 0.515 kg M t = 1 .263 kg 
c r = 447 J/kg-K c t = ? 



ASSUMPTIONS: (1) Spheres are of equal diameter, (2) Spheres experience temperature change 
from 15 to 14°C, (3) Spheres experience same convection heat transfer rate when the time rates of 
surface temperature are observed, (4) At any time, the temperatures of the spheres are uniform, 
(5) Negligible heat loss through the thermocouple wires. 

PROPERTIES: Reference-grade sphere material: c r = 447 J/kg K. 

ANALYSIS: Apply the conservation of energy requirement at an instant of time, Equation 
1.1 lc, after a sphere has been immersed in the ice- water mixture at Too. 



j out 



lconv 



Mc 



E st 

dT 

dt~ 



where q conv =hA s (T-T 00 ). Since the temperatures of the spheres are uniform, the change in 

energy storage term can be represented with the time rate of temperature change, dT/dt. The 
convection heat rates are equal at this instant of time, and hence the change in energy storage 
terms for the reference (r) and test (t) spheres must be equal. 



M r Cj 



dT 
dtT 



= M t c t 



h 



dT 
dt" 



Approximating the instantaneous differential change, dT/dt, by the difference change over a short 
period of time, AT/ At, the specific heat of the test sphere can be calculated. 

(15-14)K (15-14)K 
0.515 kgx447J/kg-K v ' = 1.263kg xc t x- v 



6.35s 



4.59s 



c t =132 J/kg-K < 

COMMENTS: Why was it important to perform the experiments with the reference and test 
spheres over the same temperature range (from 15 to 14°C)? Why does the analysis require that 
the spheres have uniform temperatures at all times? 
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PROBLEM 1.48 

KNOWN: Inner surface heating and new environmental conditions associated with a spherical shell of 
prescribed dimensions and material. 

FIND: (a) Governing equation for variation of wall temperature with time. Initial rate of temperature 
change, (b) Steady-state wall temperature, (c) Effect of convection coefficient on canister temperature. 



SCHEMATIC: 



Stainless 
steel 

Tj= 500 K 




n = 0.5 m 



r Q = 0.6 m 



Too- 300 K 

/7 = 500 W/m 2 .K 



Qconv 



qf= 10 5 W/m 2 

ASSUMPTIONS: (1) Negligible temperature gradients in wall, (2) Constant properties, (3) Uniform, 
time-independent heat flux at inner surface. 

PROPERTIES: Table A.l, Stainless Steel, AISI 302: p = 8055 kg/m 3 , c p = 535 J/kg-K. 

ANALYSIS: (a) Performing an energy balance on the shell at an instant of time, Ej n — E ou ^ — E s j . 
Identifying relevant processes and solving for dT/dt, 

qf(4^r i 2 )-h(4 OTo 2 )(T-T 00 ) = p^(r 0 3 -i 1 3 )c p ^ 



dt 



dT 
dt 



qjy-hr^T-T^) 



Substituting numerical values for the initial condition, find 
3 



dT 

dt. 

dT^ 
dt 



10 5 ^(0.5m) 2 -500 , 



m~ 



^ (0.6m) 2 (500- 300) K 
m z • K 



kg J 

8055-^510^— 
m 3 kg-K 



(0.6) 3 -(0.5) 3 



m 



-0.084 K/s. 



(b) Under steady-state conditions with E st = 0, it follows that 
q;'(4^r 1 2 ) = h(4 OTo 2 )(T-T oa ) 



T = T + 



q; 



f \ 



V f o J 



= 300K + - 



10 5 W/m 2 



500W/m 2 • K 



0.5m 
0.6m 



= 439K 



Continued 
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PROBLEM 1.48 (Cont.) 



(c) Parametric calculations were performed using the IHT First Law Model for an Isothermal Hollow 
Sphere. As shown below, there is a sharp increase in temperature with decreasing values of h < 1000 
W/m 2 -K. For T > 380 K, boiling will occur at the canister surface, and for T > 410 K a condition known 
as film boiling (Chapter 10) will occur. The condition corresponds to a precipitous reduction in h and 
increase in T. 



if 




300 -| 1 1 1 1 1 1 1 I —| — 

100 400 800 2000 6000 10000 

Convection coefficient, h(W/m A 2.K) 



Although the canister remains well below the melting point of stainless steel for h = 100 W/m 2 -K, boiling 
should be avoided, in which case the convection coefficient should be maintained at h > 1000 W/m 2 -K. 

COMMENTS: The governing equation of part (a) is a first order, nonhomogenous differential equation 
with constant coefficients. Its solution is 9 = (S/R)(l - e~ Rt ) + 6>e~ Rt , where 0 = T-T rJD , 

S = 3qf q 2 / pc p (r 0 3 - rf j , R = 3hr 0 2 //?c p f r G 3 - r 3 ) . Note results for t -> oo and for S = 0. 
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PROBLEM 1.49 



KNOWN: Boiling point and latent heat of liquid oxygen. Diameter and emissivity of container. Free 
convection coefficient and temperature of surrounding air and walls. 



FIND: Mass evaporation rate. 
SCHEMATIC: 



Liquid oxygen, 

7~ = 90 K, h fg = 214 kJ/kg 



Vevap A Vapor 



T s = -10 °C, 8 = 0.2 




I'Qrad 

D = 500 mm 



Too = 25 °C 
h = 10 W/m 2 -K 



T sur~ 25 ° c 



ASSUMPTIONS: (1) Steady-state conditions, (2) Temperature of container outer surface equals 
boiling point of oxygen. 



ANALYSIS: (a) Applying mass and energy balances to a control surface about the container, it 
follows that, at any instant, 



dm, 
dt 



^out ^evap 



dt 



E in ^out Iconv ^rad levap ' 



With h f as the enthalpy of liquid oxygen and h g as the enthalpy of oxygen vapor, we have 

E st = m st h f ^evap = m out h g 

Combining Equations (la) and (2a,b), Equation (lb) becomes (with h fg = h g - h f ) 

m out n fg — Iconv ~*~ Irad 



m e vap = (qconv + qrad )/ h fg = h ( T oo " T s ) + StT^ ~ T 4 ) 



(la,b) 
(2a,b) 

(3) 



10 w/m 2 • K (298 - 263) K + 0.2 x 5.67 x 10~ 8 w/ m 2 • K 4 ^298 4 - 263 4 ) K 4 n (0.5 m) 



214kj/kg 

m evap =(350 + 35.2) W/m 2 (0.785 m 2 ) /214kJ/kg = 1.41x 10" 3 kg/s . < 

(b) Using Equation (3), the mass rate of vapor production can be determined for the range of 
emissivity 0.2 to 0.94. The effect of increasing emissivity is to increase the heat rate into the container 
and, hence, increase the vapor production rate. 




Surface emissivity, eps 



COMMENTS: To reduce the loss of oxygen due to vapor production, insulation should be applied to 
the outer surface of the container, in order to reduce q con v and q ra d- Note from the calculations in part 
(a), that heat transfer by convection is greater than by radiation exchange. 
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PROBLEM 1.50 

KNOWN: Frost formation of 2-mm thickness on a freezer compartment. Surface exposed to 
convection process with ambient air. 

FIND: Time required for the frost to melt, t m . 



SCHEMATIC: 



T„ = 20'C 
h = 2 W/m-K 



Frost layer 
Freezer compartment wall 



Adiabatic 
surface 



Frost 

E,„ 



Melt 



E„, 



ASSUMPTIONS: (1) Frost is isothermal at the fusion temperature, T f , (2) The water melt falls away 
from the exposed surface, (3) Frost exchanges radiation with surrounding frost, so net radiation 
exchange is negligible, and (4) Backside surface of frost formation is adiabatic. 

PROPERTIES: Frost, p f =770kg/m 3 , h sf = 334kJ/kg. 



ANALYSIS: The time t m required to melt a 2-mm thick frost layer may be determined by applying a 
mass balance and an energy balance (Eq 1.1 lb) over the differential time interval dt to a control 
volume around the frost layer. 



dm st = -rh out dt 



dE st =(E in -E out )dt 



(la,b) 



With h f as the enthalpy of the melt and h s as the enthalpy of frost, we have 



dE c 



dm st h s 



E out dt = m out h f dt 



(2a,b) 



Combining Eqs. (la) and (2a,b), Eq. (lb) becomes (with h sf = h f - h s ) 

m out h sf dt = E in dt = qconv A S dt 

Integrating both sides of the equation with respect to time, find 
Pf A s h sf X o = hA s( T oo-T f )t m 
A h sf x o 



t m = 



hC^-Tf) 



t 700kg/m 3 x334xl0 3 J/kgxQ.002m . 
t m = = 11,690 s = 3.2 hour v. 

2W/m -K(20-0)K 

COMMENTS: (1) The energy balance could be formulated intuitively by recognizing that the total 
heat in by convection during the time interval t m (q^onv ' l m ) must be equal to the total latent energy 
for melting the frost layer (p x 0 h sf ) . This equality is directly comparable to the derived expression 
above for t m . 
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PROBLEM 1.51 

KNOWN: Vertical slab of Woods metal initially at its fusion temperature, T f , joined to a substrate. 

2 

Exposed surface is irradiated with laser source, G^W/m ) . 

FIND: Instantaneous rate of melting per unit area, rh^ (kg/s-m 2 ), and the material removed in a 
period of 2 s, (a) Neglecting heat transfer from the irradiated surface by convection and radiation 
exchange, and (b) Allowing for convection and radiation exchange. 



SCHEMATIC: 



Woods metal 
T f = 72(5 
hsf33 kJ/kg 
8= 0.4 
ot| = 0.4 



Substrate 



Laser irradation 
G|=5kW/m 2 




Tco= 2(fc 

h = 15W/m 2 -K 



Tsg r 20C 




melt 



m OUt' C OUt 



ASSUMPTIONS: (1) Woods metal slab is isothermal at the fusion temperature, T f , and (2) The melt 
runs off the irradiated surface. 

ANALYSIS: (a) The instantaneous rate of melting per unit area may be determined by applying a 
mass balance and an energy balance (Equation 1.1 lc) on the metal slab at an instant of time neglecting 
convection and radiation exchange from the irradiated surface. 

E;;-E^ ut =E: t (la,b) 



With h f as the enthalpy of the melt and h s as the enthalpy of the solid, we have 

K = KK E£ ut =riCA 



(2a,b) 



Combining Equations (la) and (2a,b), Equation (lb) becomes (with h sf = h f - h s ) 

m out h sf = E in= a l G l 

Thus the rate of melting is 

m out = a i G A*f = °- 4 x 5000W/m 2 /33,000J/kg = 60.6 x 10~ 3 kg/s x m 2 < 

The material removed in a 2s period per unit area is 

M^ s = rh out x At = 121 g/m 2 < 

(b) The energy balance considering convection and radiation exchange with the surroundings yields 
^outhsf = a i G rqcv-q"ad 

q" v =h(T f -T 00 )= 15W/m 2 -K(72-20)K = 780 W/m 2 

q r " ad =Eo(T f 4 -T 4 ) =0.4x5.67 x 10" 8 W/m 2 ■ k([72 + 273] 4 - [20 + 273] 4 )k 4 = 154W/m 2 



m out =32.3 x 10" 3 kg/s-m 2 



M 2s = 64 g/m 2 



COMMENTS: (1) The effects of heat transfer by convection and radiation reduce the estimate for 
the material removal rate by a factor of two. The heat transfer by convection is nearly 5 times larger 
than by radiation exchange. 

Continued... 
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PROBLEM 1.51 (Conti.) 



(2) Suppose the work piece were horizontal, rather than vertical, and the melt puddled on the surface 
rather than ran off. How would this affect the analysis? 

(3) Lasers are common heating sources for metals processing, including the present application of 
melting (heat transfer with phase change), as well as for heating work pieces during milling and 
turning (laser-assisted machining). 
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PROBLEM 1.52 



KNOWN: Hot formed paper egg carton of prescribed mass, surface area, and water content exposed 
to infrared heater providing known radiant flux. 

FIND: Whether water content can be reduced by 10% of the total mass during the 18s period carton 
is on conveyor. 

SCHEMATIC: 

y \ / \ / \<— Heater bank 

9fi=5000W/m*\ I | /-% car+on l M--0.Z20k 3> 

Conveyer Q q Q $ 

ASSUMPTIONS: (1) All the radiant flux from the heater bank causes evaporation of water, (2) 
Negligible heat loss from carton by convection and radiation, (3) Negligible mass loss occurs from 
bottom side. 

PROPERTIES: Water (given): h fg = 2400 kJ/kg. 

ANALYSIS: Define a control surface about the carton, and write conservation of mass and energy for 
an interval of time, At, + 



"out 



Am st =-m out At AE st = (E in - E out ) At (la,b) g <> . t Water 

"I / vapor 



With h f as the enthalpy of the liquid water and h g as the enthalpy 

of water vapor, we have J rV J / — VV _ VV~~ \ f~\ \ 



AE st = Am st h f E 0Ut At = rh 0Ut h g At (2a,b) 
Combining Equations (la) and (2a,b), Equation (lb) becomes (with h fg = h g - hf) 

m out h fg At = E in At = q^A s At 
where qf, is the absorbed radiant heat flux from the heater. Hence, 

Am = m out At = q n A s At/h fg = 5000 W/m 2 x 0.0625 m 2 x 18 s/2400 kJ/kg = 0.00234 kg 

The chief engineer's requirement was to remove 10% of the water content, or 
AM req = M x 0. 10 = 0.220 kg x 0. 10 = 0.022 kg 

which is nearly an order of magnitude larger than the evaporative loss. Considering heat losses by 
convection and radiation, the actual water removal from the carton will be less than AM. Hence, the 

purchase should not be recommended, since the desired water removal cannot be achieved. < 
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PROBLEM 1.53 



KNOWN: Average heat sink temperature when total dissipation is 20 W with prescribed air and 
surroundings temperature, sink surface area and emissivity. 



FIND: Sink temperature when dissipation is 30 W. 
SCHEMATIC: 

Power devices,- 




2=20or30W_ 



Sink, T S =4ZX with U--Z0W, 



T sur --ZTC 



ASSUMPTIONS: (1) Steady-state conditions, (2) All dissipated power in devices is transferred 
to the sink, (3) Sink is isothermal, (4) Surroundings and air temperature remain the same for both 
power levels, (5) Convection coefficient is the same for both power levels, (6) Heat sink is a small 
surface within a large enclosure, the surroundings. 

ANALYSIS: Define a control volume around the heat sink. Power dissipated within the devices 
is transferred into the sink, while the sink loses heat to the ambient air and surroundings by 
convection and radiation exchange, respectively. 

E in " E out =0 



- h A s ( T s - ^ ) - A s ecr ( T s 4 - T s 4 ur ) = 0 . 



(1) 



Consider the situation when P e = 20 W for which T s = 42°C; find the value of h. 



h= 



h= 



P e /A s -^T S 4 -T 4 ur ) /(T s -Too) 



20 W/0.045m 2 -0.8x5.67x10 8 W/m 2 • K 4 (315 4 -300 4 W 4 



/(315-300)K 



h = 24.4W/m 2 -K. 
For the situation when P e = 30 W, using this value for h with Eq. (1), obtain 



30 W - 24.4 W/m 2 ■ K x 0.045 m 2 (T s - 300) K 



-8 



2 t.4/^4 



0.045 m^x 0.8x5.67x10 ° W/m • K XT - 300 K = 0 



4W4 



30 = 1 .098 (T s - 300) + 2.041x 10 9 |t s 4 - 300 Z 



By trial-and-error, find 

T s «322 K = 49°C. < 

COMMENTS: (1) It is good practice to express all temperatures in kelvin units when using energy 
balances involving radiation exchange. 

(2) Note that we have assumed A s is the same for the convection and radiation processes. Since not all 
portions of the fins are completely exposed to the surroundings, A s ra( j is less than A s conv = A e . 

(3) Is the assumption that the heat sink is isothermal reasonable? 
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PROBLEM 1.54 



KNOWN: Number and power dissipation of PCBs in a computer console. Convection coefficient 
associated with heat transfer from individual components in a board. Inlet temperature of cooling air 
and fan power requirement. Maximum allowable temperature rise of air. Heat flux from component 
most susceptible to thermal failure. 

FIND: (a) Minimum allowable volumetric flow rate of air, (b) Preferred location and corresponding 
surface temperature of most thermally sensitive component. 



SCHEMATIC: 



' //////////////, 



A 0"o "TO max 

V/////////////// 



= 15°C 




h = 200 W/m 2 -K 
P b = 20 W 
P f = 25 W 
q" = 1 W/cm 2 

p = 1.161 kg/ m 3 
c p = 1007 J/kg 

ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and kinetic 
energy changes of air flow, (4) Negligible heat transfer from console to ambient air, (5) Uniform 
convection coefficient for all components. 



ANALYSIS: (a) For a control surface about the air space in the console, conservation of energy for 
an open system, Equation (1.1 Id), reduces to 

A ( u t + P v ) in " M u t + pv) ou[ + q - W = 0 

where u t +pv = i, q = 5P b , and W = -P f . Hence, with m(i in -i out ) = mc p (T in -T out ), 

mc p (T 0Ut -T in ) = 5P b +P f 



For a maximum allowable temperature rise of 15°C, the required mass flow rate is 

5x20W + 25W _ 3l 



m = 



5P b +P f 



= 8.28 xl(T J kg/s 



c P ( T out "Tin) 1007 J/kg-K(l5 °C) 

The corresponding volumetric flow rate is 

v = m = 8.28xl0-3 kg / s=713xl0 _ 3m 3 /s < 
p 1.161 kg/m 3 

(b) The component which is most susceptible to thermal failure should be mounted at the bottom of 
one of the PCBs, where the air is coolest. From the corresponding form of Newton's law of cooling, 
q" = h (T s - T in ) , the surface temperature is 



X = T„ 



q 



= 20°C- 



lxlO 4 W/m 2 



= 70°C 



" "' h 200W/m z -K 
COMMENTS: (1) Although the mass flow rate is invariant, the volumetric flow rate increases as the 
air is heated in its passage through the console, causing a reduction in the density. However, for the 

prescribed temperature rise, the change in p, and hence the effect on V, is small. (2) If the thermally 

sensitive component were located at the top of a PCB, it would be exposed to warmer air (T 0 = 35°C) 
and the surface temperature would be T s = 85°C. 
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PROBLEM 1.55 

KNOWN: Top surface of car roof absorbs solar flux, q§ a ^ s , and experiences for case (a): convection 
with air at and for case (b): the same convection process and radiation emission from the roof. 

FIND: Temperature of the roof,T s , for the two cases. Effect of airflow on roof temperature. 

SCHEMATIC: 

Toe = 20 °C =: q - , q" Stabs = 800 W/ m 2 „- ^ aDS £ 

/?= 12W/m 2 -K > * conv 1 



\V conv y w ^,aos — ^ conv j 



Case(a) S . ) Case(b) > ) £ °' 8 

7^mrrr77Tm7TT7777T7TH%77*n ?>>>>>))>>)))>))>>>>))))>))>)>)>} 

^ — Insulation Roof 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer to auto interior, (3) Negligible 
radiation from atmosphere. 

ANALYSIS: (a) Apply an energy balance to the control surfaces shown on the schematic. For an instant 
of time, Ej n - E out = 0. Neglecting radiation emission, the relevant processes are convection between 

the plate and the air, q conv , and the absorbed solar flux, q§ a ^ s . Considering the roof to have an area 

A s , 

qS,abs-A s -hA s (T s -T oo ) = 0 
T s =T Q0 +qs ) ab s /h 

2 

T s = 20°C + 8QQW/ " 1 = 20°C + 66.7°C = 86.7°C < 
12W/m 2 -K 

(b) With radiation emission from the surface, the energy balance has the form 
qs,abs ' As - qconv ~ E • A s =0 

qs,abs A s - hA s (T s - ^ ) - *A s aT s 4 = 0 . 
Substituting numerical values, with temperature in absolute units (K), 

WW/ x 8 W A 

800-^-12^ (T s -293K)- 0.8 x 5.67 xlCT b , T s =0 

m 2 m 2 K m 2 -K 4 

12T S + 4.536 x 10" 8 T S 4 =4316 

It follows that T s = 320 K = 47°C. < 

Continued 
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PROBLEM 1.55 (Cont.) 



(c) Parametric calculations were performed using the IHT First Law Model for an Isothermal Plane Wall. 
As shown below, the roof temperature depends strongly on the velocity of the auto relative to the ambient 
air. For a convection coefficient of h = 40 W/m 2 -K, which would be typical for a velocity of 55 mph, the 
roof temperature would exceed the ambient temperature by less than 10°C. 

360 -| — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | 




290 -| — I — | — I — | — I — | — I — | — I — | — I — | — I — | — I — | — I — | — I — 
0 20 40 60 80 100 120 140 160 180 200 
Convection coefficient, h(W/m A 2.K) 

COMMENTS: By considering radiation emission, T s decreases, as expected. Note the manner in which 
q" onv is formulated using Newton's law of cooling; since q" onv is shown leaving the control surface, the 

rate equation must be h (T s - ) and not h (T^ - T s ) . 
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PROBLEM 1.56 



KNOWN: Hot plate suspended in a room, plate temperature, room temperature and surroundings 
temperature, convection coefficient and plate emissivity, mass and specific heat of the plate. 

FIND: (a) The time rate of change of the plate temperature, and (b) Heat loss by convection and heat 
loss by radiation. 



SCHEMATIC: 




£55 



T_ = 25<C 
h = 6.4 W/m 2 K 



Plate, 0.3 m x 0.3 m 
M = 3.75 kg, c p = 2770 J/kg K, z = 0.42 




T SU r=25°C 



ASSUMPTIONS: (1) Plate is isothermal and at uniform temperature, (2) Large surroundings, (3) 
Negligible heat loss through suspension wires. 

ANALYSIS: For a control volume about the plate, the conservation of energy requirement is 



Ein" E out — E st (1) 

dT 

where E, t = Mc n — (2) 

and E in - E out = eAa(T 4 ur - T s 4 ) + hA^ - T s ) (3) 



n w ■ c nww dT A[ea(T 4 r - T 4 ) + hCT^ - TJ] 

Combining Eqs. (1) through (3) yields — = — 5 — 

dt Mc p 

Noting that T sur = 25°C + 273 K = 298 K and T s = 225°C + 273 K = 498 K , 



Jrr {2x0.3 mx0.3 m[0.42x5.67xl0" 8 -^—r* (498 4 -298 4 ) K 4 ]+6.4 W x(25°C-225°C)} 
5_L = m 2 -K 4 m 2 -K 

dt 3.75 kgx2770 

kg-K 



= -0.044 K/s < 
The heat loss by radiation is the first term in the numerator of the preceding expression and is 

q rad =230W ~ < 

The heat loss by convection is the second term in the preceding expression and is 

q conv =230W < 



COMMENTS: (1) Note the importance of using kelvins when working with radiation heat transfer. 
(2) The temperature difference in Newton's law of cooling may be expressed in either kelvins or 
degrees Celsius. (3) Radiation and convection losses are of the same magnitude. This is typical of 
many natural convection systems involving gases such as air. 
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PROBLEM 1.57 



KNOWN: Daily thermal energy generation, surface area, temperature of the environment, and heat 
transfer coefficient. 

FIND: (a) Skin temperature when the temperature of the environment is 20°C, and (b) Rate of 
perspiration to maintain skin temperature of 33°C when the temperature of the environment is 33°C. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Thermal energy is generated at a constant rate 
throughout the day, (3) Air and surrounding walls are at same temperature, (4) Skin temperature is 
uniform, (5) Bathing suit has no effect on heat loss from body, (6) Heat loss is by convection and 
radiation to the environment, and by perspiration in Part 2. (Heat loss due to respiration, excretion of 
waste, etc., is negligible.), (7) Large surroundings. 

PROPERTIES: Table A.ll, skin: s = 0.95, Table A.6, water (306 K): p = 994 kg/m 3 , h fg = 2421 
kJ/kg. 

ANALYSIS: 

(a) The rate of energy generation is: 

E g =2000xl0 3 cal/day/(0.239 cal/J x 86,400 s/day) = 96.9 W 
Under steady-state conditions, an energy balance on the human body yields: 

Eg " E out = 0 

Thus E out = q = 96.9 W. Energy outflow is due to convection and net radiation from the surface to the 
environment, Equations 1.3a and 1.7, respectively. 

E out =hA(T -TJ + saA(T 4 -T 4 ur ) 



Substituting numerical values 



Continued. 
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PROBLEM 1.57 (Cont.) 



96.9 W = 3 W/m 2 • Kxl.8 m 2 x (T s - 293 K) 

+ 0.95 x 5.67 x 10" 8 W/m 2 • K 4 x 1.8 m 2 x (T s 4 - (293 K) 4 ) 
and solving either by trial-and-error or using IHT or other equation solver, we obtain 

T s = 299 K = 26°C < 

Since the comfortable range of skin temperature is typically 32 - 35°C, we usually wear clothing 
warmer than a bathing suit when the temperature of the environment is 20°C. 

(b) If the skin temperature is 33°C when the temperature of the environment is 33°C, there will be no 
heat loss due to convection or radiation. Thus, all the energy generated must be removed due to 
perspiration: 

E ou t = mh fg 

We find: 

m = E out /h fg = 96.9 W/2421 kJ/kg = 4.0xl0" 5 kg/s 
This is the perspiration rate in mass per unit time. The volumetric rate is: 

V = m/p = 4.0 xl(T 5 kg/s / 994 kg/m 3 = 4.0 xl0~ 8 m 3 /s = 4.0 xl0~ 5 £/s < 

COMMENTS: (1) In Part 1, heat losses due to convection and radiation are 32.4 W and 
60.4 W, respectively. Thus, it would not have been reasonable to neglect radiation. Care must be 
taken to include radiation when the heat transfer coefficient is small, even if the problem statement 
does not give any indication of its importance. (2) The rate of thermal energy generation is not 
constant throughout the day; it adjusts to maintain a constant core temperature. Thus, the energy 
generation rate may decrease when the temperature of the environment goes up, or increase (for 
example, by shivering) when the temperature of the environment is low. (3) The skin temperature is 
not uniform over the entire body. For example, the extremities are usually cooler. Skin temperature 
also adjusts in response to changes in the environment. As the temperature of the environment 
increases, more blood flow will be directed near the surface of the skin to increase its temperature, 
thereby increasing heat loss. (4) If the perspiration rate found in Part 2 was maintained for eight 
hours, the person would lose 1 .2 liters of liquid. This demonstrates the importance of consuming 
sufficient amounts of liquid in warm weather. 
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PROBLEM 1.58 



KNOWN: Electrolytic membrane dimensions, bipolar plate thicknesses, desired operating 
temperature and surroundings as well as air temperatures. 

FIND: (a) Electrical power produced by stack that is 200 mm in length for bipolar plate 
thicknesses 1 mm < t bp < 10 mm, (b) Surface temperature of stack for various bipolar plate 
thicknesses, (c) Identify strategies to promote uniform temperature, identify effect of various air 
and surroundings temperatures, identify membrane most likely to fail. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Large surroundings, (3) Surface emissivity and 
absorptivity are the same, (4) Negligible energy entering or leaving the control volume due to gas 
or liquid flows, (5) Negligible energy loss or gain from or to the stack by conduction. 

ANALYSIS: The length of the fuel cell is related to the number of membranes and the thickness 
of the membranes and bipolar plates as follows. 

L stack = N x t m + (N + 1) x t bp = N x (t m + t bp ) + t bp 

For t bp = 1 mm, 200xl0~ 3 m = N x (0.43xl0~ 3 m + l.OxlO 3 m) + l.OxlO 3 m 
or N= 139 

For t bp = 10 mm, 200xl0~ 3 m = N x (0.43x10 3 m + 10x10 3 m) + 10 x 10" 3 m 
or N= 18 

(a) For tbp = 1 mm, the electrical power produced by the stack is 

P = E STACK x I = N x E c x I = 139 x 0.6 V x 60 A = 5000 W = 5 kW < 
and the thermal energy produced by the stack is 

E g = N x E cg = 139 x 45 W = 6,255 W = 6.26 kW < 
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SCHEMATIC: 




sur 



20 °C 



Continued... 



PROBLEM 1.58 (Conti.) 



Proceeding as before for t bp = 10 mm, we find P = 648 W = 0.65 kW; E g = 810 W = 0.81 kW < 

(b) An energy balance on the control volume yields 

E g -E out =0 or E g -A(q;' onv+ q; ad ) = 0 (1) 
Substituting Eqs. 1.3a and 1.7 into Eq. (1) yields 
E g -A[h(T s -TJ + ea(T s ^T 4 r )] = 0 

where A = 4xLxw + 2xHxw 

= 4x 200xl0" 3 mx 100xl0~ 3 m + 2 x 100xl0~ 3 mx 100xl0" 3 m =0.1 m 2 
For t bp = 1 mm and E g = 6255 W, 

6255 W - 0.1 m 2 x[150 — (T s - 298) K + 0.88 x 5.67xl0~ 8 W x(T s 4 - T s 4 ur ) K 4 ] = 0 
m K m K 

The preceding equation may be solved to yield 
T S =656K = 383°C 

Therefore, for t bp = 1 mm the surface temperature exceeds the maximum allowable operating 
temperature and the stack must be cooled. < 

For t bp = 10 mm and E g = 810 W, T s = 344 K = 71°C and the stack may need to be heated to 
operate at T = 80°C. < 

(c) To decrease the stack temperature, the emissivity of the surface may be increased, the bipolar 
plates may be made larger than 100 mm x 100 mm to act as cooling fins, internal channels might 
be machined in the bipolar plates to carry a pumped coolant, and the convection coefficient may 
be increased by using forced convection from a fan. The stack temperature can be increased by 
insulating the external surfaces of the stack. 

Uniform internal temperatures may be promoted by using materials of high thermal 
conductivity. The operating temperature of the stack will shift upward as either the surroundings 
or ambient temperature increases. The membrane that experiences the highest temperature will 
be most likely to fail. Unfortunately, the highest temperatures are likely to exist near the center 

of the stack, making stack repair difficult and expensive. «C 

COMMENTS: (1) There is a tradeoff between the power produced by the stack, and the 
operating temperature of the stack. (2) Manufacture of the bipolar plates becomes difficult, and 
cooling channels are difficult to incorporate into the design, as the bipolar plates become thinner. 
(3) If one membrane fails, the entire stack fails since the membranes are connected in series 
electrically. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 1.59 



KNOWN: Thermal conductivity, thickness and temperature difference across a sheet of rigid 
extruded insulation. Cold wall temperature, surroundings temperature, ambient temperature and 
emissivity. 

FIND: (a) The value of the convection heat transfer coefficient on the cold wall side in units of 
W/m 2 -°C or W/m 2 -K, and, (b) The cold wall surface temperature for emissivities over the range 
0.05 < e < 0.95 for a hot wall temperature of Tj = 30 °C. 



SCHEMATIC: 



k=0.029 




& 

T M =5<€ 



T su =320 K 



t 1= 3o<€ 



1*~ L=20 mm 



T 2 =20<€=293 K 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state 
conditions, (c) Constant properties, (4) Large surroundings. 

ANALYSIS: 

(a) An energy balance on the control surface shown in the schematic yields 



Ein - E out or q con d - q conv + q raQ 
Substituting from Fourier's law, Newton's law of cooling, and Eq. 1.7 yields 

k 2Ll2k. = h (T 2 - T„) + sa(T 4 - T s 4 ur ) 



(1) 



or 



h = 



1 



[k 



Ti-T 2 



sc(T 4 -T 4 r )] 



Substituting values, 
1 



h = 



(20 - 5)°C 



[0.029^ x (3 ° - 2 °'° C - 0.95 x 5.67 x!0- 



m-K 



0.02 m 



(293 4 - 320 4 ) K 4 ] 



m 2 -K 4 



h= 12.2- 



W 

m 2 K 



Continued.... 
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PROBLEM 1.59 (Cont.) 

(b) Equation (1) may be solved iteratively to find T 2 for any emissivity 8. IHTwas used for this 
purpose, yielding the following. 



Surface Temperature vs. Wall Emissivity 



0) 



295 



290 



285 - 



280 




Emissivity 



COMMENTS: (1) Note that as the wall emissivity increases, the surface temperature increases 
since the surroundings temperature is relatively hot. (2) The IHT code used in part (b) is shown 
below. (3) It is a good habit to work in temperature units of kelvins when radiation heat transfer is 
included in the solution of the problem. 

//Problem 1 .59 

h = 12.2 //W/m A 2-K (convection coefficient) 

L = 0.02 //m (sheet thickness) 

k = 0.029 //W/m-K (thermal conductivity) 

T1 = 30 + 273 //K (hot wall temperature) 

Tsur = 320 //K (surroundings temperature) 

sigma = 5.67*1 0 A -8 //W/m A 2-K A 4 (Stefan -Boltzmann constant) 

Tinf = 5 + 273 //K (ambient temperature) 

e = 0.95 //emissivity 

//Equation (1) is 

k*(T1-T2)/L = h*(T2-Tinf) + e*sigma*(T2 A 4 - TsurM) 
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PROBLEM 1.60 



KNOWN: Thickness and thermal conductivity, k, of an oven wall. Temperature and emissivity, s, of 
front surface. Temperature and convection coefficient, h, of air. Temperature of large surroundings. 

FIND: (a) Temperature of back surface, (b) Effect of variations in k, h and 8. 

SCHEMATIC: 



k= 0.7 W/m-K 



Q cond 



9 rad 
9 conv 



7^= 300 K 
h = 20 W/m 2 -K 



L = 0.05 m 



T 2 = 400 K 
e = 0.8 



»• 



T su = 300 K 

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Radiation exchange with large 
surroundings. 

ANALYSIS: (a) Applying an energy balance, Eq. 1.13, at an instant of time to the front surface and 
substituting the appropriate rate equations, Eqs. 1.2, 1.3a and 1.7, find 



k Ii-Ii = h ( Ti _ Tqo ) + EG ( T 4 _ T; 



4 

sur 



Substituting numerical values, find 
0.05 m 



Ti-T 2 



W _8 W 

20 100K + 0.8x5.67xl0 6 



2 1/ 
m • K 



0.7 W/m • K 

Since T 2 = 400 K, it follows that Ti = 600 K. 



2 V A 
m • K 



(400K) 4 -(300K) Z 



= 200K. 



(b) Parametric effects may be evaluated by using the IHT First Law Model for a Nonisothermal Plane 
Wall. Changes in k strongly influence conditions for k < 20 W/m-K, but have a negligible effect for 
larger values, as T 2 approaches T1 and the heat fluxes approach the corresponding limiting values 



600 



500 



400 



300 





10000 


CM 


8000 


< 

E 




| 


6000 


cr 




flux. 


4000 


"5 




0 
1 


2000 



100 200 300 400 

Thermal conductivity, k(W/m.K) 



100 200 300 

Thermal conductivity, k(W/m.K) 

Conduction heat flux, q"cond(W/m A 2) 
Convection heat flux, q"conv(W/m A 2) 
Radiation heat flux, q"rad(W/m A 2) 



400 



Continued. . . 
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PROBLEM 1.60 (Cont.) 

The implication is that, for k > 20 W/m-K, heat transfer by conduction in the wall is extremely efficient 
relative to heat transfer by convection and radiation, which become the limiting heat transfer processes. 
Larger fluxes could be obtained by increasing 8 and h and/or by decreasing and T sur . 

With increasing h, the front surface is cooled more effectively (T2 decreases), and although q ra( j 
decreases, the reduction is exceeded by the increase in q conv - With a reduction in T2 and fixed values 
of k and L, q conc j must also increase. 




The surface temperature also decreases with increasing 8, and the increase in q ra( j exceeds the reduction 
in q CO nv > allowing q CO nd to increase with 8. 




COMMENTS: Conservation of energy, of course, dictates that, irrespective of the prescribed conditions, 

n n . n 

^cond _ ^conv + ^rad ■ 
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PROBLEM 1.61 



KNOWN: Temperatures at 10 mm and 20 mm from the surface and in the adjoining airflow for a 
thick stainless steel casting. 



FIND: Surface convection coefficient, h. 
SCHEMATIC: 



cond 



*1~ 

zo 



f=15 Wj-m-K 



Q" 

■L (Li 



conv 




10 \(mm)\ 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in the x-direction, (3) Constant 
properties, (4) Negligible generation. 

ANALYSIS: From a surface energy balance, it follows that 

n " — n" 
4 cond 4 conv 

where the convection rate equation has the form 
Qconv =h ( T oo " T o)' 

and qcond can be evaluated from the temperatures prescribed at surfaces 1 and 2. That is, from 
Fourier's law, 

^cond = k ~ ~ 
x 2" x l 

W (50-40)°C 2 
qcond =15 ' , = 15,000 W/m 2 . 

m - K (20-10)xlO" J m 

Since the temperature gradient in the solid must be linear for the prescribed conditions, it follows that 

T 0 = 60°C. 
Hence, the convection coefficient is 



h = 



qcond 
Too - T 0 



h= 'S.Q00W/m - =375w/m 2. K < 
40° C 

COMMENTS: The accuracy of this procedure for measuring h depends strongly on the validity of 
the assumed conditions. 
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PROBLEM 1.62 

KNOWN: Duct wall of prescribed thickness and thermal conductivity experiences prescribed heat flux 
q G at outer surface and convection at inner surface with known heat transfer coefficient. 

FIND: (a) Heat flux at outer surface required to maintain inner surface of duct at 1} = 85°C, (b) 
Temperature of outer surface, T G , (c) Effect of h on T D and . 

SCHEMATIC: 



T oo =30°C „ 
h = 100 W/m 2 -K 



conv 



Tj = 85 °C 



£ / V'cond — 



Duct wall, k = 20 W/m-K 



L = 10 mm 



t t t Ko 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Constant 
properties, (4) Backside of heater perfectly insulated, (5) Negligible radiation. 

ANALYSIS: (a) By performing an energy balance on the wall, recognize that q^ = q^ond ■ F rom an energy 
balance on the top surface, it follows that qccmd = qconv = lo • Hence, using the convection rate equation, 

% =q C onv = h ( T i- T oo) = 100W/m 2 K (85-30)° C = 5500W/m 2 . < 
(b) Considering the duct wall and applying Fourier's Law, 

T -T- 



0 AX 



L 



k 20 W/m-K 

(c) For Tj = 85°C, the desired results may be obtained by simultaneously solving the energy balance equations 

and 



T — T 

1o _ K 



k^ r ^- = h(T i -T 00 ) 



Using the IHT First Law Model for a Nonisothermal Plane Wall, the following results are obtained. 




40 80 120 160 

Convection coefficient, h(W/m n 2.K) 




40 80 120 160 

Convection coefficient, h(W/m A 2.K) 



Since q CO nv increases linearly with increasing h, the applied heat flux q^ and q CO nd must a l so increase. 
An increase in q conc } , which, with fixed k, Tj and L, necessitates an increase in T D . 

COMMENTS: The temperature difference across the wall is small, amounting to a maximum value of 
(T 0 — Tj ) = 5.5°C for h = 200 W/m 2 -K. If the wall were thinner (L < 10 mm) or made from a material 
with higher conductivity (k > 20 W/m-K), this difference would be reduced. 
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PROBLEM 1.63 



KNOWN: Dimensions, average surface temperature and emissivity of heating duct. Duct air 
inlet temperature and velocity. Temperature of ambient air and surroundings. Convection 
coefficient. 

FIND: (a) Heat loss from duct, (b) Air outlet temperature. 
SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and 
kinetic energy changes of air flow, (4) Radiation exchange between a small surface and a 
large enclosure. 

ANALYSIS: (a) Heat transfer from the surface of the duct to the ambient air and the 
surroundings is given by Eq. (1.10) 



q = hA s (T s - ^ ) + *A s a (t s 4 - T s 4 ur ) 



where A s = L (2W + 2H) = 15 m (0.7 m + 0.5 m) = 16.5 m. Hence, 



q = 4 W/m 2 • K x 16.5 m 2 |45°C J + 0.5 x 16.5 m 2 x 5.67 x 10 8 W/m 2 • K 4 ^323 4 - 278 4 J K 4 

q = q conv+ q rad =2970 W + 2298 W = 5268 W < 

(b) With i = u + pv, W =0 and the third assumption, Eq. (1.1 Id) yields, 
m(i i -i 0 ) = mc p (T i -T 0 ) = q 

where the sign on q has been reversed to reflect the fact that heat transfer is from the system. 
With m = pVA c = 1.10 kg/m 3 x 4 m/s(0.35mx 0.20m) = 0.308 kg/s, the outlet temperature is 

T 0 = Ti -^L = 58°C = 41°C < 

° rhcp 0.308 kg/s xl 008 J/kg-K 

COMMENTS: The temperature drop of the air is large and unacceptable, unless the intent is 
to use the duct to heat the basement. If not, the duct should be insulated to insure maximum 
delivery of thermal energy to the intended space(s). 
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PROBLEM 1.64 



KNOWN: Uninsulated pipe of prescribed diameter, emissivity, and surface temperature in a room 
with fixed wall and air temperatures. See Example 1.2. 

FIND: (a) Which option to reduce heat loss to the room is more effective: reduce by a factor of two 

2 

the convection coefficient (from 15 to 7.5 W/m -K) or the emissivity (from 0.8 to 0.4) and (b) Show 

2 

graphically the heat loss as a function of the convection coefficient for the range 5 < h < 20 W/m -K 
for emissivities of 0.2, 0.4 and 0.8. Comment on the relative efficacy of reducing heat losses 
associated with the convection and radiation processes. 

SCHEMATIC: 



Too = 25°C 

h = 15 W/m 2 -K 



Tcnr — 25°C 



-> qconv * qrad * /— T s = 200°C 
-> \ / / D = 70mm 
/ £ = 0.8 



k 



ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between pipe and the room is 
between a small surface in a much larger enclosure, (3) The surface emissivity and absorptivity are 
equal, and (4) Restriction of the air flow does not alter the radiation exchange process between the 
pipe and the room. 

ANALYSIS: (a) The heat rate from the pipe to the room per unit length is 

q' = q' / L = q^ onv + q rad = h (ttD) (T s - T^ ) + s (ttD) a (t s 4 - T s 4 ur j 

Substituting numerical values for the two options, the resulting heat rates are calculated and compared 
with those for the conditions of Example 1.2. We conclude that both options are comparably effective. 

Conditions h(w/m 2 -K) s q'(W/m) 



Base case, Example 1.2 15 0.8 998 

Reducing h by factor of 2 7.5 0.8 788 

Reducing s by factor of 2 15 0.4 709 

(b) Using IHT, the heat loss can be calculated as a function of the convection coefficient for selected 
values of the surface emissivity. 

1200 -| , , , , , — =, 




10 15 
Convection coefficient, h (W/m A 2.K) 

eps = 0.8, bare pipe 
eps = 0.4, coated pipe 
eps = 0.2, coated pipe 



20 



Continued 
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PROBLEM 1.64 (Cont.) 



COMMENTS: (1) In Example 1.2, Comment 3, we read that the heat rates by convection and 
radiation exchange were comparable for the base case conditions (577 vs. 421 W/m). It follows that 
reducing the key transport parameter (h or s) by a factor of two yields comparable reductions in the 
heat loss. Coating the pipe to reduce the emissivity might be the more practical option as it may be 
difficult to control air movement. 



(2) For this pipe size and thermal conditions (T s and Too), the minimum possible convection coefficient 

2 

is approximately 7.5 W/m -K, corresponding to free convection heat transfer to quiescent ambient air. 
Larger values of h are a consequence of forced air flow conditions. 

(3) The Workspace for the IHT program to calculate the heat loss and generate the graph for the heat 
loss as a function of the convection coefficient for selected emissivities is shown below. It is good 
practice to provide commentary with the code making your solution logic clear, and to summarize the 
results. 



// Heat loss per unit pipe length; rate equation from Ex. 1.2 

q' = q'cv + q'rad 

q'cv = pi*D*h*(Ts - Tint) 

q'rad = pi*D*eps*sigma*(Ts A 4 - TsurM) 

sigma = 5.67e-8 

// Input parameters 

D = 0.07 

Ts_C = 200 // Representing temperatures in Celsius units using _C subscripting 

Ts = Ts_C +273 

Tinf_C = 25 

Tint = Tinf_C + 273 

h = 15 //For graph, sweep over range from 5 to 20 

Tsur_C = 25 

Tsur = Tsur_C + 273 

eps = 0.8 

//eps = 0.4 // Values of emissivity for parameter study 
//eps = 0.2 



/* Base case results 

Tinf Ts Tsur q' q'cv q'rad D Tinf_C Ts_C Tsur_C 

eps h sigma 

298 473 298 997.9 577.3 420.6 0.07 25 200 25 

0.8 15 5.67E-8 7 
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PROBLEM 1.65 



KNOWN: Conditions associated with surface cooling of plate glass which is initially at 600°C. 
Maximum allowable temperature gradient in the glass. 

FIND: Lowest allowable air temperature, 
SCHEMATIC: 



G/ass p/a+e, T=600°C 
k^lAW/m-K, £=0.8 

TjT+ <^A^>) Surroundings 

Vrad ^7 — ' / ,/ 'sur- 'CO 

► T Wi h=5\N/m* K 




V 

conv 



ASSUMPTIONS: (1) Surface of glass exchanges radiation with large surroundings at T sur = T^, (2) 
One-dimensional conduction in the x-direction. 

ANALYSIS: The maximum temperature gradient will exist at the surface of the glass and at the 
instant that cooling is initiated. From the surface energy balance, Eq. 1.12, and the rate equations, 
Eqs. 1.1, 1.3a and 1.7, it follows that 



-k^-h(T s -T 00 )-^(T s 4 -T s 4 ur ) = () 



or, with (dT/dx) max = -15°C/mm = -15,000°C/m and T sur = T m 

°C 



-1.4- 



W 



m-K 



-15,000- 



m 



= 5 



W 



m 2 K 



(873-T 00 )K 



+0.8x5.67x10" 



-8 W 



m 2 .K 4 



873 4 -T 4 



K 4 . 



Tqo ma y be obtained from a trial-and-error solution, from which it follows that, for T^ = 618K, 

WW w 
21,000—2 * 127 5^- + 19,730^-. 
mm m 
Hence the lowest allowable air temperature is 



T 00 «618K = 345 C. < 
COMMENTS: (1) Initially, cooling is determined primarily by radiation effects. 

(2) For fixed Tqo, the surface temperature gradient would decrease with increasing time into the 

cooling process. Accordingly, Too could be decreasing with increasing time and still keep within the 
maximum allowable temperature gradient. 
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PROBLEM 1.66 



KNOWN: Hot-wall oven, in lieu of infrared lamps, with temperature T sur = 200°C for heating a 
coated plate to the cure temperature. See Example 1.7. 

FIND: (a) The plate temperature T s for prescribed convection conditions and coating emissivity, and 
(b) Calculate and plot T s as a function of T sur for the range 150 < T sur < 250°C for ambient air 
temperatures of 20, 40 and 60°C; identify conditions for which acceptable curing temperatures 
between 100 and 110°C may be maintained. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from back surface of plate, (3) 
Plate is small object in large isothermal surroundings (hot oven walls). 

ANALYSIS: (a) The temperature of the plate can be determined from an energy balance on the plate, 
considering radiation exchange with the hot oven walls and convection with the ambient air. 

E m _ E out = 0 or Qrad _ Qconv = 0 

^(T S ur-T s 4 )-h(T s -T oo ) = 0 

0.5 x 5.67 x 10" 8 W / m 2 • K 4 i[200 + 273] 4 - T s 4 J K 4 - 15 W / m 2 • K (T s - [20 + 273]) K = 0 

T S =357 K = 84°C < 

(b) Using the energy balance relation in the Workspace of IHT, the plate temperature can be calculated 
and plotted as a function of oven wall temperature for selected ambient air temperatures. 

150 




50 | I I I I | I I I I | I I I I | I I I 

150 175 200 225 250 

Oven wall temperature, Tsur (C) 



-•- Tint = 60 C 
— A — Tint = 40 C 
Tint = 20 C 

COMMENTS: From the graph, acceptable cure temperatures between 100 and 110°C can be 
maintained for these conditions: with T^ = 20°C when 225 < T sur < 240°C; with T^ = 40°C when 205 
< T sur < 220°C; and with T^ = 60°C when 175 < T sur < 195°C. 
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PROBLEM 1.67 



KNOWN: Operating conditions for an electrical-substitution radiometer having the same receiver 
temperature, T s , in electrical and optical modes. 

FIND: Optical power of a laser beam and corresponding receiver temperature when the indicated 
electrical power is 20.64 mW. 

SCHEMATIC: 



qi oss = 0.05 

■elec 



Peiec = 20.64 mW 



Insulation 




qrad 

— * T sur =77K 
T s , 8 = 0.95, a opt = 0.98 




P op t = 0 (blocked) 

Receiver, D = 15 mm 

Electrical mode of operation 



ASSUMPTIONS: (1) Steady-state conditions, (2) Conduction losses from backside of receiver 
negligible in optical mode, (3) Chamber walls form large isothermal surroundings; negligible effects 
due to aperture, (4) Radiation exchange between the receiver surface and the chamber walls is between 
small surface and large enclosure, (5) Negligible convection effects. 

PROPERTIES: Receiver surface: s = 0.95, a opt = 0.98. 

ANALYSIS: The schematic represents the operating conditions for the electrical mode with the 
optical beam blocked. The temperature of the receiver surface can be found from an energy balance 
on the receiver, considering the electrical power input, conduction loss from the backside of the 
receiver, and the radiation exchange between the receiver and the chamber. 

Ein ~ E ou t = 0 

Pelec ~~ Qloss ~~ Qrad = 0 

Pe^ - 0.05 P e i ec - e A s a (t s 4 - T s 4 ur ) = 0 

20.64 x 10" 3 W (l - 0.05) - 0.95 ^0.015 2 / 4 j m 2 x 5.67 x 10" 8 W / m 2 ■ K 4 (t 4 - 77 4 j K 4 = 0 

T s = 213.9 K < 

For the optical mode of operation, the optical beam is incident on the receiver surface, there is no 
electrical power input, and the receiver temperature is the same as for the electrical mode. The optical 
power of the beam can be found from an energy balance on the receiver considering the absorbed 
beam power and radiation exchange between the receiver and the chamber. 

Ein _ E ou t = 0 

«optPopt-qrad =0.98P opt -19.60mW = 0 



P opt = 19.99 mW < 
where q ra( i follows from the previous energy balance using T s = 213.9K. 

COMMENTS: Recognizing that the receiver temperature, and hence the radiation exchange, is the 
same for both modes, an energy balance could be directly written in terms of the absorbed optical 

power and equivalent electrical power, a op t P Q pt = Peiec - qioss- 
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PROBLEM 1.68 



KNOWN: Surface temperature, diameter and emissivity of a hot plate. Temperature of surroundings 
and ambient air. Expression for convection coefficient. 



FIND: (a) Operating power for prescribed surface temperature, (b) Effect of surface temperature on 
power requirement and on the relative contributions of radiation and convection to heat transfer from 
the surface. 



SCHEMATIC: 



? t 



h = 080(T s -Too 



.1/3 



•w w ■w "w w xzr 




c / 



Clrad 



Hot plate 
D = 0.3 m, e = 0.8 

Electric heater, P e i eo 



\ 



elec 



ASSUMPTIONS: (1) Plate is of uniform surface temperature, (2) Walls of room are large relative to 
plate, (3) Negligible heat loss from bottom or sides of plate. 

ANALYSIS: (a) From an energy balance on the hot plate, P e lec = qconv + Qrad - Ap (qconv + Irad )■ 

1/3 

Substituting for the area of the plate and from Eqs. (1.3a) and (1.7), with h = 0.80 (T s - Too) > it 
follows that 



Pelec = (^D 2 /4) [o.80(t s -T w ) 4/3 + «t(t s 4 -T^ ) 
p elec =^(0.3m) 2 /4 0.80(l75) 4/3 + 0.8 x 5.67 x 10~ 8 |473 4 - 298 4 



"elec 



= 0.0707 m 



(b) As shown graphically, 



783 W/m 2 +1913 W/m 2 



W/m 



: 55.4 W + 135.2 W = 190.6 W 



power, increase with increasing surface temperature. 



Doth the radiation and convection heat rates, and hence the requisite electric 



Effect of surface temperature on electric power and heat rates 
500 




100 



150 200 250 

Surface temperature (C) 



300 



— e — Pelec 

a qrad 
— B — qconv 

However, because of its dependence on the fourth power of the surface temperature, the increase in 

radiation is more pronounced. The significant relative effect of radiation is due to the small 

2 

convection coefficients characteristic of natural convection, with 3.37 < h < 5.2 W/m -K for 100 < T s 
< 300°C. 

COMMENTS: Radiation losses could be reduced by applying a low emissivity coating to the 
surface, which would have to maintain its integrity over the range of operating temperatures. 
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PROBLEM 1.69 



KNOWN: Long bus bar of rectangular cross-section and ambient air and surroundings temperatures. 
Relation for the electrical resistivity as a function of temperature. 

FIND: (a) Temperature of the bar with a current of 60,000 A, and (b) Compute and plot the operating 

temperature of the bus bar as a function of the convection coefficient for the range 10 < h < 100 

2 

W/m -K. Minimum convection coefficient required to maintain a safe-operating temperature below 
120°C. Will increasing the emissivity significantly affect this result? 

SCHEMATIC: 



T sur = 30°C f 
H = 600 mm 



I 



L = 200 mm-t\ 




Too=30°C 
h = 10 W/m 2 -K 



I rad J q'conv 



Bus bar, T 



T, s = 0.8 



Pe(T) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Bus bar is long, (3) Uniform bus-bar temperature, 
(3) Radiation exchange between the outer surface of the bus bar and its surroundings is between a 
small surface and a large enclosure. 

PROPERTIES: Bus-bar material, p e = p^ 0 [l + a (T - T D )] , p so = 0.0828 //Q • m, T G = 25°C, 
a = 0.0040 K" 1 . 

ANALYSIS: (a) An energy balance on the bus-bar for a unit length as shown in the schematic above 
has the form 



Ein E out + Eg en — 0 



! ! It 

-c lrad _ qconv + 1 R e = 0 



-^Pa(T 4 -T s 4 ur )-hP(T-T oo ) + I 2 p e /A c =0 

where P = 2(H + W), R e = p e / A c and A c = H x W. Substituting numerical values, 

-0.8 x 2 (0.600 + 0.200) m x 5.67 x 10" 8 W / m 2 • K 4 |t 4 - [30 + 273] 4 J K 4 

-10 W / m 2 • K x 2(0.600 + 0.200) m(T - [30 + 273]) K 
+ (60, 000 A) 2 jo.0828 x 10" 6 Q. ■ m 1 + 0.0040 K" 1 (T - [25 + 273]) K }/ (0.600 x 0.200) m 2 = 0 



Solving for the bus-bar temperature, find 



T = 426 K = 153°C. 



(b) Using the energy balance relation in the Workspace of IHT, the bus-bar operating temperature is 

2 

calculated as a function of the convection coefficient for the range 10 < h < 100 W/m -K. From this 
graph we can determine that to maintain a safe operating temperature below 120°C, the minimum 
convection coefficient required is 

h min = 16 W/m 2 -K. < 



Continued 
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PROBLEM 1.69 (Cont.) 



Using the same equations, we can calculate and plot the heat transfer rates by convection and radiation 
as a function of the bus-bar temperature. 




25 -| 1 1 1 1 1 1 1 1 1 

0 20 40 60 80 100 

Convection coefficient, h (W/m A 2.K} 



_ 3000 
E 




25 50 75 100 125 150 175 
Bus bartemperature,T(C) 

Convection heat flux, q'cv 

— •— Radiation exchange, q'rad, eps = 0.8 



Note that convection is the dominant mode for low bus-bar temperatures; that is, for low current flow. 
As the bus-bar temperature increases toward the safe-operating limit (120°C), convection and 
radiation exchange heat transfer rates become comparable. Notice that the relative importance of the 
radiation exchange rate increases with increasing bus-bar temperature. 

COMMENTS: (1) It follows from the second graph that increasing the surface emissivity will be 
only significant at higher temperatures, especially beyond the safe-operating limit. 

(2) The Workspace for the IHT program to perform the parametric analysis and generate the graphs is 
shown below. It is good practice to provide commentary with the code making your solution logic 
clear, and to summarize the results. 



/* Results for base case conditions: 

Ts_C q'cv q'rad rhoe H I Tinf_C Tsur_C W alpha 

eps h 

153.3 1973 1786 1.253E-7 0.6 6E4 30 30 0.2 0.004 

0.8 10 7 



// Surface energy balance on a per unit length basis 

-q'cv - q'rad + Edot'gen = 0 
q'cv = h * P * (Ts - Tint) 

P = 2 * (W + H) // perimeter of the bar experiencing surface heat transfer 

q'rad = eps * sigma * (Ts A 4 - Tsur A 4) * P 
sigma = 5.67e-8 
Edot'gen = l A 2 * Re' 
Re' = rhoe / Ac 

rhoe = rhoeo * ( 1 + alpha * (Ts - Teo)) 
Ac = W * H 



// Input parameters 

I = 60000 

alpha = 0.0040 // temperature coefficient, K A -1 ; typical value for cast aluminum 

rhoeo = 0.0828e-6 // electrical resistivity at the reference temperature, Teo; microohm-m 

Teo = 25 + 273 // reference temperature, K 

W = 0.200 

H = 0.600 

Tinf_C = 30 

Tinf = Tinf_C + 273 

h = 10 

eps = 0.8 

Tsur_C = 30 

Tsur = Tsur_C + 273 

Ts_C = Ts - 273 
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PROBLEM 1.70 



KNOWN: Solar collector designed to heat water operating under prescribed solar irradiation and loss 
conditions. 

FIND: (a) Useful heat collected per unit area of the collector, q'^ , (b) Temperature rise of the water 
flow, T 0 — Tj, and (c) Collector efficiency. 

SCHEMATIC: 



Jam 

Ourrour 



indin<js(5ky), lsk v =-10 t 
Sp^l f q - CgB? T^ZS'C r- = 30"C 



Collector 



> ^ 



1 e=Q94 



I ! 




ASSUMPTIONS: (1) Steady-state conditions, (2) No heat losses out sides or back of collector, (3) 
Collector area is small compared to sky surroundings. 

PROPERTIES: Table A.6, Water (300K): c p = 4179 J/kg-K. 

ANALYSIS: (a) Defining the collector as the control volume and writing the conservation of energy 
requirement on a per unit area basis, find that 

Ein ~~ E out + Eg en = E st . 

Identifying processes as per above right sketch, 

n" — n " — n " — n " — 0 
4 solar Hrad Hconv 4u — u 

where qsolar = 0.9 q^'; that is, 90% of the solar flux is absorbed in the collector (Eq. 1.6). Using the 
appropriate rate equations, the useful heat rate per unit area is 



q u = 0.9 ql - ^ (T c 4 p - T 4 y ) - h (T s - ) 

W Q W 

q u =0.9x700 — -0.94x5.67x10 
rri 



m 2 -K 4 



(303 4 -263 4 j] 



I 303 4 - 263 4 ) K 4 - 10^^(30 - 25)° C 



m 2 K 



q[J =630 W/m 2 -194 W/m 2 -50 W/m 2 = 386 W/m 2 . 



(b) The total useful heat collected is q'^ • A. Defining a control volume about the water tubing, the 
useful heat causes an enthalpy change of the flowing water. That is, 
q u •A=rhCp(T i -T 0 ) or 



(Ti -T G ) = 386 W/m 2 x 3m 2 /0.01kg/s x 4179J/kg • K=27.7°C. 
(c) The efficiency is tj = q u /q§ = ^386 W/m 2 j/^700 W/m 2 j = 0.55 or 55%. 



< 
< 



COMMENTS: Note how the sky has been treated as large surroundings at a uniform temperature 
Tsky 
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PROBLEM 1.71 

KNOWN: Surface-mount transistor with prescribed dissipation and convection cooling conditions. 

FIND: (a) Case temperature for mounting arrangement with air-gap and conductive paste between case 
and circuit board, (b) Consider options for increasing Eg , subject to the constraint that T c = 40°C. 

SCHEMATIC: 

r '"* Lo — t. - 'icon Q*\ / Tu 



7«, = 20 °C 
h = 50 W/m 2 -K 



Gap, kg,t = 0.2 mm 

Circuit board 




T b = 35 °C 



Leads (3) 



= txw = 1 mm x 0.25 mm 



\l = 



4 mm 

Transistor case, 150 mW dissipation 



= 8 mm 
4 mm 



9conv 



/ Qcond, gap 



3c llead 



ASSUMPTIONS: (1) Steady-state conditions, (2) Transistor case is isothermal, (3) Upper surface 
experiences convection; negligible losses from edges, (4) Leads provide conduction path between case 
and board, (5) Negligible radiation, (6) Negligible energy generation in leads due to current flow, (7) 
Negligible convection from surface of leads. 

PROPERTIES: (Given): Air, k ga = 0.0263 W/m-K; Paste, k g p = 0.12 W/m-K; Metal leads, k? = 
25 W/m-K. 

ANALYSIS: (a) Define the transistor as the system and identify modes of heat transfer. 
E in ~ E out + E g = AEst = 0 



Iconv Icond^ap 3qi ea( ] + Eg — 0 
-hA s (T c -T 00 )-kgA s — — — 



-3k^A c Tc Tb +E g =0 



where A s = L^ x L2 = 4 x 8 mm 2 = 32 x 10" 6 m 2 and A c = t x w = 0.25 x 1 mm 2 = 25 x 10" 8 m 2 . 
Rearranging and solving for T c , 

T c =jhA s T 00 + k g A s /t + 3(k^A c /L) T b +E g J/ hA s +k g A s /t + 3(k^A c /L) 

Substituting numerical values, with the air-gap condition (kg a = 0.0263 W/m-K) 

T c = j50W/m 2 • K x 32 x 10" 6 m 2 x 20° C + (o.0263W/m • K x 32 x 10" 6 m 2 /0.2 x 10" 3 m 



+3^25 W/m-Kx 25x10 8 m 2 /4xl0 3 mj 



35 C / 



1.600x10 3 +4.208x10 3 +4.688x10 3 



W/K 



T c =47.0 C. 



Continued. 
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PROBLEM 1.71 (Cont.) 



With the paste condition (kg p =0.12 W/m-K), T c = 39.9°C. As expected, the effect of the conductive 
paste is to improve the coupling between the circuit board and the case. Hence, T c decreases. 

(b) Using the keyboard to enter model equations into the workspace, IHT has been used to perform the 
desired calculations. For values of kf> = 200 and 400 W/m-K and convection coefficients in the range 

from 50 to 250 W/m 2 -K, the energy balance equation may be used to compute the power dissipation for a 
maximum allowable case temperature of 40°C. 



0.7 




D- 



0.3 -p— I — I — I — I — | — I — I — I — I — | — I — I — I — I — | — I — I — I — I — 
50 100 150 200 250 

Convection coefficient, h(W/m A 2.K) 

o kl = 400 W/m.K 
-^A— kl = 200 W/m.K 

As indicated by the energy balance, the power dissipation increases linearly with increasing h, as well as 
with increasing kf . For h = 250 W/m 2 -K (enhanced air cooling) and = 400 W/m-K (copper leads), 
the transistor may dissipate up to 0.63 W. 

COMMENTS: Additional benefits may be derived by increasing heat transfer across the gap separating 
the case from the board, perhaps by inserting a highly conductive material in the gap. 
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PROBLEM 1.72(a) 
KNOWN: Solar radiation is incident on an asphalt paving. 
FIND: Relevant heat transfer processes. 
SCHEMATIC: 




The relevant processes shown on the schematic include: 

q§ Incident solar radiation, a large portion of which qs, a bs' 1S absorbed by the asphalt 
surface, 

qj.' ad Radiation emitted by the surface to the air, 
Iconv Convection heat transfer from the surface to the air, and 
Icond Conduction heat transfer from the surface into the asphalt. 
Applying the surface energy balance, Eq. 1.12, 

n " — n " — n " — n " 
4S,abs Hrad Hconv Hcond- 

COMMENTS: (1) qc 0n d an d qconv could be evaluated from Eqs. 1.1 and 1.3, respectively. 

(2) It has been assumed that the pavement surface temperature is higher than that of the 
underlying pavement and the air, in which case heat transfer by conduction and 
convection are from the surface. 

(3) For simplicity, radiation incident on the pavement due to atmospheric emission has been 
ignored (see Section 12.8 for a discussion). Eq. 1.6 may then be used for the absorbed 
solar irradiation and Eq. 1.5 may be used to obtain the emitted radiation qj.' ad . 

(4) With the rate equations, the energy balance becomes 

qs,abs"£ ^T s 4 -h(T s -Too) = -k ^ . 
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PROBLEM 1.72(b) 



KNOWN: Physical mechanism for microwave heating. 

FIND: Comparison of (a) cooking in a microwave oven with a conventional radiant or 
convection oven and (b) a microwave clothes dryer with a conventional dryer. 

(a) Microwave cooking occurs as a result of volumetric thermal energy generation throughout 
the food, without heating of the food container or the oven wall. Conventional cooking relies 
on radiant heat transfer from the oven walls and/or convection heat transfer from the air space 
to the surface of the food and subsequent heat transfer by conduction to the core of the food. 
Microwave cooking is more efficient and is achieved in less time. 

(b) In a microwave dryer, the microwave radiation would heat the water, but not the fabric, 
directly (the fabric would be heated indirectly by energy transfer from the water). By heating 
the water, energy would go directly into evaporation, unlike a conventional dryer where the 
walls and air are first heated electrically or by a gas heater, and thermal energy is 
subsequently transferred to the wet clothes. The microwave dryer would still require a 
rotating drum and air flow to remove the water vapor, but is able to operate more efficiently 
and at lower temperatures. For a more detailed description of microwave drying, see 
Mechanical Engineering, March 1993, page 120. 
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PROBLEM 1.72 (c) 



KNOWN: Water storage tank initial temperature, water initial pressure and temperature, storage 
tank configuration. 

FIND: Identify heat transfer processes that will promote freezing of water. Determine effect of 
insulation thickness. Determine effect of wall thickness and tank material. Determine effect of 
transfer tubing material. Discuss optimal tank shape, and effect of applying thin aluminum foil to 
the outside of the tank. 

SCHEMATIC • To fuel ce " To ,uel ce " 




ANALYSIS: The thermal response of the water may be analyzed by dividing the cooling process 
into two parts. 

Part One. Water and Tank Rapid Response. 

We expect the mass of water to be significantly greater than the mass of the tank. From 
experience, we would not expect the water to completely freeze immediately after filling the tank. 
Assuming negligible heat transfer through the insulation or transfer tubing during this initial rapid 
water cooling period, no heat transfer to the air above the water, and assuming isothermal water 
and tank behavior at any instant in time, an energy balance on a control volume surrounding the 
water would yield 

E s t,w = "Eout.w (1) 
An energy balance on a control volume surrounding the tank would yield 

Ein ;t =E st , t (2) 

where E out w = E in t (3) 
Combining Eqs. (1) - (3) yields 

Continued... 
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PROBLEM 1.72 (c) (Cont.) 



E st , w = -E st>t = M w c p>w • (T - T ijW ) = M t c pit • (T i>t - T) (4) 

where T is the average temperature of the water and tank after the initial filling process. 
For M w c p w » M t c p t , T « Tj w , thus confirming our expectation. 

Part Two. Slow Water Cooling. 

The heat transfer processes that would promote water freezing include: 
-heat transfer through the insulation to the cold air 

-heat loss by conduction upward through the wall of the transfer tubing <C 

As the insulation thickness, t ins , is increased, Fourier's law indicates that heat losses from the 
water are decreased, slowing the rate at which the water cools. < 

As the tank wall thickness, t t , is increased, the tank wall mass increases. This, along with 

increasing the tank wall specific heat, will serve to reduce the average temperature, T , to 
a lower value, as evident by inspecting Eq. (4). This effect, based on the first law of 
thermodynamics, would decrease the time needed to cool the water to the freezing temperature. 
As the tank wall thickness is increased, however, heat losses by conduction through the tank wall 
would decrease as seen by inspection of Fourier's law, slowing the cooling process. As the tank 
wall thermal conductivity is reduced, this will also decrease the cooling rate of the water. 
Therefore, the effect of the tank wall thickness could increase or decrease the water cooling rate. 
As the thermal conductivity of the transfer tubing is increased, heat losses from the water upward 
through the tube wall will increase. This suggests that use of plastic for the transfer tubing would 

slow the cooling of the water. «C 



To slow the cooling process, a large water mass to surface area is desired. The mass is 
proportional to the volume of water in the tank, while the heat loss from the tank by convection to 
the cold air and radiation to the surroundings is proportional to the surface area of the tank. A 
spherical tank maximizes the volume-to-area ratio, reducing the rate at which the water 

temperature drops, and would help prevent freezing. «C 



Heat losses will occur by convection and radiation at the exposed tank area. The radiation loss, 
according to Eq. 1.7, is proportional to the emissivity of the surface. Aluminum foil is a low 
emissivity material, and therefore a wrap of foil would slow the water cooling process. The 
aluminum foil is very thin and has a high thermal conductivity, therefore by Fourier's law, there 
would be a very small temperature drop across the thickness of the foil and would not impact the 

cooling rate. «C 



PROBLEM 1.72(d) 
KNOWN: Tungsten filament is heated to 2900 K in an air-filled glass bulb. 
FIND: Relevant heat transfer processes. 
SCHEMATIC: 

-G-/dss bulb 



Filament 




red^-sur 

Surroundings 



l inqs s> 



The relevant processes associated with the filament and bulb include: 

q rad f Radiation emitted by the tungsten filament, a portion of which is transmitted 

through the glass, 

Qconv f F ree convection from filament to air of temperature T a j < T f , 



^rad,g,i 



Iconv,g,i 



^cond,^ 



iconv,g,o 



Radiation emitted by inner surface of glass, a small portion of which is 
intercepted by the filament, 

Free convection from air to inner glass surface of temperature T g j < T a i , 
Conduction through glass wall, 

Free convection from outer glass surface to room air of temperature 
T a ,o<T g ,o, and 



q ra d,g-sur Net radiation heat transfer between outer glass surface and surroundings, such 
as the walls of a room, of temperature T sur < T g 0 . 

COMMENTS: If the glass bulb is evacuated, no convection is present within the bulb; that 

1S ' Qconv,f — 1conv,g,i — 0- 
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PROBLEM 1.72(e) 
KNOWN: Geometry of a composite insulation consisting of a honeycomb core. 
FIND: Relevant heat transfer processes. 
SCHEMATIC: 

^«^p_t f ^conv, Q 



T 



' f 
■ I - 

■j- 

." I:- 



. r 

■•'.I ' 



r 



*cond t hc 



■ conv } he 



ts.i 



— 



co/iy, / 



The above schematic represents the cross section of a single honeycomb cell and surface 
slabs. Assumed direction of gravity field is downward. Assuming that the bottom (inner) 

surface temperature exceeds the top (outer) surface temperature (t s [ > T s 0 j , heat transfer is 

in the direction shown. 

Heat may be transferred to the inner surface by convection and radiation, whereupon it is 
transferred through the composite by 



Qcond,! 


Conduction through the inner solid slab, 


Qcom^hc 


Free convection through the cellular airspace, 


Qconc^hc 


Conduction through the honeycomb wall, 


Qrac^hc 


Radiation between the honeycomb surfaces, and 


Qconc^o 


Conduction through the outer solid slab. 



Heat may then be transferred from the outer surface by convection and radiation. Note that 
for a single cell under steady state conditions, 

QracU "'"^convj — QcondJ — Qcom^hc +£ lcond,hc 

+c lrad,hc = Qcoik^o = Qrad^ " l " c lconv,o- 

COMMENTS: Performance would be enhanced by using materials of low thermal 
conductivity, k, and emissivity, s. Evacuating the airspace would enhance performance by 
eliminating heat transfer due to free convection. 
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PROBLEM 1.72(f) 

KNOWN: A thermocouple junction is used, with or without a radiation shield, to measure 
the temperature of a gas flowing through a channel. The wall of the channel is at a 
temperature much less than that of the gas. 

FIND: (a) Relevant heat transfer processes, (b) Temperature of junction relative to that of 
gas, (c) Effect of radiation shield. 

SCHEMATIC: 

~Is<7g Side view End view 



7^ — > fCL TC junction t Tj 
(without shield) 



ASSUMPTIONS: (1) Junction is small relative to channel walls, (2) Steady-state conditions, 
(3) Negligible heat transfer by conduction through the thermocouple leads. 

ANALYSIS: (a) The relevant heat transfer processes are: 

q rad Net radiation transfer from the junction to the walls, and 

Iconv Convection transfer from the gas to the junction. 

(b) From a surface energy balance on the junction, 

Qconv = <lrad 
orfromEqs. 1.3a and 1.7, 

hA(T g - Tj ) = ,Aa(T4-T s 4 ). 

To satisfy this equality, it follows that 

T < T < T 

s j g - 

That is, the junction assumes a temperature between that of the channel wall and the gas, 
thereby sensing a temperature which is less than that of the gas. 

(c) The measurement error ^Tg - Tj j is reduced by using a radiation shield as shown in the 

schematic. The junction now exchanges radiation with the shield, whose temperature must 
exceed that of the channel wall. The radiation loss from the junction is therefore reduced, and 
its temperature more closely approaches that of the gas. 
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PROBLEM 1.72(g) 

KNOWN: Fireplace cavity is separated from room air by two glass plates, open at both ends. 

FIND: Relevant heat transfer processes. 

SCHEMATIC: 




The relevant heat transfer processes associated with the double-glazed, glass fire screen are: 



qracU Radiation from flames and cavity wall, portions of which are absorbed and 

transmitted by the two panes, 

qrad,2 Emission from inner surface of inner pane to cavity, 

QracU Net radiation exchange between outer surface of inner pane and inner surface 
of outer pane, 

qrad,4 Net radiation exchange between outer surface of outer pane and walls of room, 

Qconv 1 Convection between cavity gases and inner pane, 

^conv2 Convection across air space between panes, 

Qconv^ Convection from outer surface to room air, 

Qcond 1 Conduction across inner pane, and 

Qcond^ Conduction across outer pane. 



COMMENTS: (1) Much of the luminous portion of the flame radiation is transmitted to the 
room interior. 

(2) All convection processes are buoyancy driven (free convection). 
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PROBLEM 1.73(a) 
KNOWN: Room air is separated from ambient air by one or two glass panes. 
FIND: Relevant heat transfer processes. 
SCHEMATIC: 

^ 4- 



■ conv.z 



l con v, i 



hand, i 



• conv.Z 



9 / LJ ^nfrf,i 

Single pane 



iconv.s 



^r&d, s 
Double parte 



L conv,l 



(cond, I 



^r-gd, I 



The relevant processes associated with single (above left schematic) and double (above right 
schematic) glass panes include. 



Iconv,! 



Convection from room air to inner surface of first pane, 



1rad,l 



Net radiation exchange between room walls and inner surface of first pane, 



'I cond, 1 
Qconv^ 
1rad,s 

Qcond^ 
Qconv^ 
q r ad,2 

qs 



Conduction through first pane, 
Convection across airspace between panes, 

Net radiation exchange between outer surface of first pane and inner surface of 
second pane (across airspace), 

Conduction through a second pane, 

Convection from outer surface of single (or second) pane to ambient air, 

Net radiation exchange between outer surface of single (or second) pane and 
surroundings such as the ground, and 

Incident solar radiation during day; fraction transmitted to room is smaller for 
double pane. 



COMMENTS: Heat loss from the room is significantly reduced by the double pane 
construction. 
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PROBLEM 1.73(b) 
KNOWN: Configuration of a flat plate solar collector. 
FIND: Relevant heat transfer processes with and without a cover plate. 
SCHEMATIC: 




The relevant processes without (above left schematic) and with (above right schematic) 

Incident solar radiation, a large portion of which is absorbed by the absorber 
plate. Reduced with use of cover plate (primarily due to reflection off cover 
plate). 

Net radiation exchange between absorber plate or cover plate and 
surroundings, 

Convection from absorber plate or cover plate to ambient air, 

Net radiation exchange between absorber and cover plates, 

Convection heat transfer across airspace between absorber and cover plates, 

Conduction through insulation, and 

Convection to working fluid. 

COMMENTS: The cover plate acts to significantly reduce heat losses by convection and 
radiation from the absorber plate to the surroundings. 



include: 

qs 

1rad,oo 

^cor^co 

1rad,a-c 

qconVja-c 

Qcond 

Iconv 
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PROBLEM 1.73(c) 

KNOWN: Configuration of a solar collector used to heat air for agricultural applications. 

FIND: Relevant heat transfer processes. 

SCHEMATIC: 



rad t i - o 




rad,p 



conv.i-o 




Assume the temperature of the absorber plates exceeds the ambient air temperature. At the 
cover plates, the relevant processes are: 



iconv,a-i 



Qrad,p- 



Iconv,i-o 



QracU-o 



Iconv,o-oo 



Qrad^ 



qs 



Convection from inside air to inner surface, 



Net radiation transfer from absorber plates to inner surface, 



Convection across airspace between covers, 



Net radiation transfer from inner to outer cover, 



Convection from outer cover to ambient air, 



Net radiation transfer from outer cover to surroundings, and 



Incident solar radiation. 



Additional processes relevant to the absorber plates and airspace are: 
q s t Solar radiation transmitted by cover plates, 



Iconv,p-a 



Convection from absorber plates to inside air, and 



^cond 



Conduction through insulation. 
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PROBLEM 1.73(d) 
KNOWN: Features of an evacuated tube solar collector. 
FIND: Relevant heat transfer processes for one of the tubes. 
SCHEMATIC: 




The relevant heat transfer processes for one of the evacuated tube solar collectors includes: 

Incident solar radiation including contribution due to reflection off panel (most 
is transmitted), 

Convection heat transfer from outer surface to ambient air, 

Net rate of radiation heat exchange between outer surface of outer tube and the 
surroundings, including the panel, 

Solar radiation transmitted through outer tube and incident on inner tube (most 
is absorbed), 

Net rate of radiation heat exchange between outer surface of inner tube and 
inner surface of outer tube, and 

Convection heat transfer to working fluid. 

There is also conduction heat transfer through the inner and outer tube walls. If the walls are 
thin, the temperature drop across the walls will be small. 



qs 

Irac^o-sur 

qs,t 

qrad,i-o 
qconv,i 
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PROBLEM 2.1 

KNOWN: Steady-state, one-dimensional heat conduction through an axisymmetric shape. 

FIND: Sketch temperature distribution and explain shape of curve. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) Constant properties, (3) No 
internal heat generation. 

ANALYSIS: Performing an energy balance on the object according to Eq. 1.11c, Ej n — E out = 0, it 
follows that 

Ein — E out = q x 

and that q x ^ q x (x). That is, the heat rate within the object is everywhere constant. From Fourier's 
law, 

dT 

q x - KA X , 
dx 

and since q x and k are both constants, it follows that 

a dT r, 

A Y — = Constant. 
x dx 

That is, the product of the cross-sectional area normal to the heat rate and temperature gradient 

remains a constant and independent of distance x. It follows that since A x increases with x, then 
dT/dx must decrease with increasing x. Hence, the temperature distribution appears as shown above. 

COMMENTS: (1) Be sure to recognize that dT/dx is the slope of the temperature distribution. (2) 
What would the distribution be when T2 > T1 ? (3) How does the heat flux, q x , vary with distance? 
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PROBLEM 2.2 

KNOWN: Hot water pipe covered with thick layer of insulation. 

FIND: Sketch temperature distribution and give brief explanation to justify shape. 

SCHEMATIC: 



Hot 

water pipe 



Tnsulafion 




T(r) 



■4 — *v 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (radial) conduction, (3) No 
internal heat generation, (4) Insulation has uniform properties independent of temperature and 
position. 

ANALYSIS: Fourier's law, Eq. 2.1, for this one-dimensional (cylindrical) radial system has the form 

q r = -kA r — = -kilxxl) — 
4r r dr V ' dr 

where A r = 7.ml and I is the axial length of the pipe-insulation system. Recognize that for steady- 
state conditions with no internal heat generation, an energy balance on the system requires 
E in = E out since E„ = E st = 0. Hence 



q r = Constant. 



That is, q r is independent of radius (r). Since the thermal conductivity is also constant, it follows that 



dT 
dr 



= Constant. 



This relation requires that the product of the radial temperature gradient, dT/dr, and the radius, r, 
remains constant throughout the insulation. For our situation, the temperature distribution must appear 
as shown in the sketch. 

COMMENTS: (1) Note that, while qj- is a constant and independent of r, q J.' is not a constant. How 
does qj-'(r) vary with r? (2) Recognize that the radial temperature gradient, dT/dr, decreases with 
increasing radius. 
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PROBLEM 2.3 

KNOWN: A spherical shell with prescribed geometry and surface temperatures. 
FIND: Sketch temperature distribution and explain shape of the curve. 
SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in radial (spherical 
coordinates) direction, (3) No internal generation, (4) Constant properties. 

ANALYSIS: Fourier's law, Eq. 2.1, for this one-dimensional, radial (spherical coordinate) system 
has the form 

, . dT , /. 2 \dT 
q r =-k A r — = -k 4;zt — 

r r dr I / dr 



where A r is the surface area of a sphere. For steady-state conditions, an energy balance on the system 
yields Ej n = E out , since E„ = E st = 0. Hence, 



qin =q ou t =q r *q r (0- 




That is, q r is a constant, independent of the radial coordinate. Since the thermal conductivity is 
constant, it follows that 



dT 
dr 



: Constant. 



This relation requires that the product of the radial temperature gradient, dT/dr, and the radius squared, 
2 

r , remains constant throughout the shell. Hence, the temperature distribution appears as shown in the 
sketch. 

COMMENTS: Note that, for the above conditions, q r -t- q r (r); that is, q r is everywhere constant. 
How does qj.' vary as a function of radius? 
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PROBLEM 2.4 

KNOWN: Symmetric shape with prescribed variation in cross-sectional area, temperature distribution 
and heat rate. 

FIND: Expression for the thermal conductivity, k. 
SCHEMATIC: 



< 2=6O00W 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-direction, (3) No 
internal heat generation. 

ANALYSIS: Applying the energy balance, Eq. 1.11c, to the system, it follows that, since 
Ein — E ou t , 

q x = Constant * f (x). 



Using Fourier's law, Eq. 2.1, with appropriate expressions for A x and T, yields 



-k A, 



dT 
dx 



6000W=-k-(l-x)m 2 -— 30o(l-2x-x 3 j 



K 
m 



Solving for k and recognizing its units are W/m-K, 
-6000 20 

k= 



(1-x) 300(-2-3x 2 ) (l-x)(2 + 3x 2 ) 



COMMENTS: (1) At x = 0, k = 10W/m-K and k -> oo as x -> 1. (2) Recognize that the 1-D 
assumption is an approximation which becomes more inappropriate as the area change with x, and 
hence two-dimensional effects, become more pronounced. 
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PROBLEM 2.5 

KNOWN: End-face temperatures and temperature dependence of k for a truncated cone. 
FIND: Variation with axial distance along the cone of q x , q x , k, and dT7 dx. 
SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional conduction in x (negligible temperature gradients in the r 
direction), (2) Steady-state conditions, (3) Adiabatic sides, (4) No internal heat generation. 

ANALYSIS: For the prescribed conditions, it follows from conservation of energy, Eq. 1.11c, that for 
a differential control volume, Ej n = E out or q x = q x+( j x - Hence 



q x is independent of x. 

Since A(x) increases with increasing x, it follows that q x = q x / A(x ) decreases with increasing x. 

Since T decreases with increasing x, k increases with increasing x. Hence, from Fourier's law, Eq. 
2.2, 

qx " k dx' 
it follows that I dT/dx I decreases with increasing x. 
COMMENT: How is the analysis changed if a has a negative value? 
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PROBLEM 2.6 



KNOWN: Temperature dependence of the thermal conductivity, k(T), for heat transfer through a 
plane wall. 

FIND: Effect of k(T) on temperature distribution, T(x). 

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) No internal heat 
generation. 

ANALYSIS: From Fourier's law and the form of k(T), 



dT , sdT 
q x =-k — = -(k 0 +aT)- 



dx 



dx 



(1) 



2 2 

The shape of the temperature distribution may be inferred from knowledge of d T/dx = d(dT/dx)/dx. 
Since q x is independent of x for the prescribed conditions, 



dq x= d 
dx dx 



(k 0 +aT) 



dT 

dx 



d 2 T 



(k 0 +aT)— --a 



dx' 



dT 

dx 



0 



= 0. 



Hence, 



d 2 T 



dx 



2 k n +aT 



dT 

dx 



where 



k o +aT=k>0 



dT 



dx 



>0 



from which it follows that for 



a > 0: d 2 T/dx 2 < 0 



a = 0: d 2 T/dx 2 = 0 



a < 0: d 2 T/dx 2 > 0. 




COMMENTS: The shape of the distribution could also be inferred from Eq. (1). Since T decreases 
with increasing x, 

a > 0: k decreases with increasing x = > I dT/dx I increases with increasing x 
a = 0: k = k () = > dT/dx is constant 

a < 0: k increases with increasing x = > I dT/dx I decreases with increasing x. 
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PROBLEM 2.7 

KNOWN: Irradiation and absorptivity of aluminum, glass and aerogel. 

FIND: Ability of the protective barrier to withstand the irradiation in terms of the temperature 
gradients that develop in response to the irradiation. 

SCHEMATIC: 



G = 10 x 10 6 W/m 2 




0^=0.2 
a gl =0.9 
a a = 0.8 

ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Constant properties, (c) 
Negligible emission and convection from the exposed surface. 

PROPERTIES: Table A.l, pure aluminum (300 K): k al = 238 W/m-K. Table A. 3, glass (300 K): 
k gl = 1.4W/m-K. 

ANALYSIS: From Eqs. 1.6 and 2.30 



or 



-k 



5T 

dx 

8T 
dx 



= q" = G abs = aG 



x=0 



x=0 



aG 
k 



The temperature gradients at x = 0 for the three materials are: 



Material 
aluminum 

glass 
aerogel 



dT/dx n (K/m) 

I x=0 

8.4 x 10 3 
6.4 x 10 6 
1.6 x 10 9 



COMMENT: It is unlikely that the aerogel barrier can sustain the thermal stresses associated 
with the large temperature gradient. Low thermal conductivity solids are prone to large 
temperature gradients, and are often brittle. 
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PROBLEM 2.8 

KNOWN: One-dimensional system with prescribed thermal conductivity and thickness. 
FIND: Unknowns for various temperature conditions and sketch distribution. 
SCHEMATIC: 



k=SO 



W 




^j, Temperature gradient 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) No internal heat 
generation, (4) Constant properties. 



ANALYSIS: The rate equation and temperature gradient for this system are 
dT . dT_T 2 -T : 

dx ~ 



and 



dx dx L 

Using Eqs. (1) and (2), the unknown quantities for each case can be determined. 



(1,2) 



(a) 



(b) 



dT _ (-20-50)K 



dx 

ft 

q x : 

dT 
dx 

ft 

q x : 



0.25m 

w 

-50 x 



= -280 K/m 



-280- 



K 



m-K 

(-10-(-30))K 
0.25m 

-m-*-x[m*' 

m-K m 



m 



= 14.0kW/m . 



= 80 K/m 



-4.0 kW/m z 



50*C 









-20°C 


-9- X 





19J 



-/or 



160- 



W K 

(c) q x =-50 x 160 — 

m-K |_ m 

dT 

To =L + Ti = 0.25m x 

dx 

T 2 =110°C. 



W K 

(d) q x =-50 x -80— 

m-K [ m . 

Ti = T> -L- — = 40°C- 0.25m 
dx 



-8.0 kW/m z 
K" 



m 



+ 70 C. 



= 4.0 kW/m z 



-80- 



K 



m 



T x = 60° C. 











70X 






-»-x 



K 

m 



dx. 77) 



40'C 



(e) q x =-50 



W 
m-K 



200- 



K 



m 



Tl=T 2 -L- 



dT 
dx 



30 C- 0.25m 



= -10.0 kW/ni 
K 



200- 



m 



-20 C. 



1* 




sore 






dT. 
dx ~ 



777 
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PROBLEM 2.9 

KNOWN: Plane wall with prescribed thermal conductivity, thickness, and surface temperatures. 

FIND: Heat flux, , and temperature gradient, dT/dx, for the three different coordinate systems 
shown. 

SCHEMATIC: 

T t 

T^400K 
T Z =600K T t 

k^lOOW/m-K 

L=100mm 




+ T 



B :B 



(c) 



ASSUMPTIONS: (1) One-dimensional heat flow, (2) Steady-state conditions, (3) No internal 
generation, (4) Constant properties. 

ANALYSIS: The rate equation for conduction heat transfer is 
dT 



q x = -k 



dx 



where the temperature gradient is constant throughout the wall and of the form 
dT_ T(L)-T(0) 
dx ~ L 

Substituting numerical values, find the temperature gradients, 
(a) 

(b) 

(c) 



The heat rates, using Eq. (1) with k = 100 W/m-K, are 
(a) q x 



lOO^^x 2000 K/m=-200 kW/m 2 



(b) 
(c) 



q'x 



qx = 



m-K 

-100^^(-2000 K/m)=+200 kW/m 2 
m-K 

-100-^- x 2000 K / m = -200 kW / m 2 
m-K 



(1) 



(2) 



dT 


_T 2 -Ti 


(600- 400) K 
= v ' = 2000 K/m 


< 


dx " 


L 


0.100m 




dT 


_Ti-T 2 


(400- 600) K 
= v ' = 2000 K/m 


< 


dx " 


L 


0.100m 




dT 


_T 2 -Ti 


(600- 400) K 
= v ' = 2000 K/m. 


< 


dx " 


L 


0.100m 





< 
< 
< 
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PROBLEM 2.10 

KNOWN: Temperature distribution in solid cylinder and convection coefficient at cylinder surface. 

FIND: Expressions for heat rate at cylinder surface and fluid temperature. 

SCHEMATIC: 




T(r) = d-t-br z 



ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Steady-state conditions, (3) Constant 
properties. 

ANALYSIS: The heat rate from Fourier's law for the radial (cylindrical) system has the form 
dT 



q r =-kA, 



dr 



Substituting for the temperature distribution, T(r) = a + br 
q r = -k(2;rrL) 2br = -4^kbLr 2 . 

At the outer surface ( r = r G ), the conduction heat rate is 
q r= r o =-4^kbLrQ. 

From a surface energy balance at r = r Q , 

q r =r 0 = qconv = h (2^ 0 L) [T (r G ) - T^ ] , 




Substituting for q r=1 - o and solving for T^, 



TOb)- 



2kbr n 



^ , ? 2kbr„ 



^ = a+br o 



r o+- 



h 

2k 
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PROBLEM 2.11 

KNOWN: Two-dimensional body with specified thermal conductivity and two isothermal surfaces of 
prescribed temperatures; one surface, A, has a prescribed temperature gradient. 

FIND: Temperature gradients, 3T/3x and dTldy, at the surface B. 

SCHEMATIC: 



Insulation 



Gradient at surface A~~ 




P'y^-A.T^-O'C 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) No heat 
generation, (4) Constant properties. 

ANALYSIS: At the surface A, the temperature gradient in the x-direction must be zero. That is, 

(3T/3x)a = 0. This follows from the requirement that the heat flux vector must be normal to an 
isothermal surface. The heat rate at the surface A is given by Fourier' s law written as 



q'y,A ="k-w A 



dy 



A 



= -10 x 2m x 30— = -600W/m. 
m ■ K m 



On the surface B, it follows that 
(^y) B =0 

in order to satisfy the requirement that the heat flux vector be normal to the isothermal surface B. 
Using the conservation of energy requirement, Eq. 1.11c, on the body, find 



q y ,A-q x ,B =o 

Note that, 



or 



qx,B - qy,A- 



q x ,B 

and hence 

{ffYIBx) 



k ■ w 



B 



dx 



B 



-q'y,A _ -(-600 W/m) 



60 K/m. 



B kw B lOW/m-Kxlm 
COMMENTS: Note that, in using the conservation requirement, q{ 



+q y ,A and qU =+q x ,B- 
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PROBLEM 2.12 

KNOWN: Length and thermal conductivity of a shaft. Temperature distribution along shaft. 

FIND: Temperature and heat rates at ends of shaft. 

SCHEMATIC: 



Supporting shsfi i 
A-O.OOSm* 




, -V v ■* 5* ■ ; ■ ; ^ * *• * - ■ - " J * * * * " ' ' m 1 



T=100-150x + 10x z 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x, (3) Constant 
properties. 

ANALYSIS: Temperatures at the top and bottom of the shaft are, respectively, 



T(0) = 100°C 



T(L) = -40°C. 



Applying Fourier's law, Eq. 2.1, 



q x = -kA ^ = -25 W/m • K ( 0.005 m 2 j ( - 1 50 + 20x )° C/m 



q x =0.125(150 -20x)W. 



Hence, 



q x (0)= 18.75 W 



q x (L) = 16.25 W. 



The difference in heat rates, q x (0) > q x (L), is due to heat losses q^> from the side of the shaft. 

COMMENTS: Heat loss from the side requires the existence of temperature gradients over the shaft 
cross-section. Hence, specification of T as a function of only x is an approximation. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 2.13 



KNOWN: A rod of constant thermal conductivity k and variable cross-sectional area A x (x) = A 0 e ax 
where A D and a are constants. 

FIND: (a) Expression for the conduction heat rate, q x (x); use this expression to determine the 
temperature distribution, T(x); and sketch of the temperature distribution, (b) Considering the presence 

of volumetric heat generation rate, q = q G exp(-ax) , obtain an expression for q x (x) when the left 

face, x = 0, is well insulated. 

SCHEMATIC: 





<7x 



-I- 



^x + dx 



K 



A(x) = A 0 e 



ax 




0 



ASSUMPTIONS: (1) One-dimensional conduction in the rod, (2) Constant properties, (3) Steady- 
state conditions. 

ANALYSIS: Perform an energy balance on the control volume, A(x)-dx, 
E m — E out + Eg = 0 

qx-qx+dx+q- A ( x )- dx =o 

The conduction heat rate terms can be expressed as a Taylor series and substituting expressions for q 
and A(x), 

d 



dx 



(q x ) + q 0 exp(-ax)-A Q exp(ax) = 0 



q x =-k-A(x) 



dT 

dx" 



(a) With no internal generation, q G = 0, and from Eq. (1) find 

indicating that the heat rate is constant with x. By combining Eqs. (1) and (2) 



dx 



-k-A(x) 



dT 

dx" 



irp 

0 or A(x) = Ci 

W dx 



(1) 
(2) 



(3)< 



Continued... 
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PROBLEM 2.13 (Cont.) 



That is, the product of the cross-sectional area and the temperature gradient is a constant, independent 
of x. Hence, with T(0) > T(L), the temperature distribution is exponential, and as shown in the sketch 
above. Separating variables and integrating Eq. (3), the general form for the temperature distribution 
can be determined, 



A 0 exp(ax)- 



dT 



Ci 



dx 



dT = C 1 A G 1 exp( 



ax 



)dx 



T(x) = -QA G aexp(-ax) + C2 



< 



We could use the two temperature boundary conditions, T Q = T(0) and T L = T(L), to evaluate Q and 
C2 and, hence, obtain the temperature distribution in terms of T Q and T L . 

(b) With the internal generation, from Eq. (1), 



--r(qx)+q 0 A o =0 or qx=4o A o x 



< 



That is, the heat rate increases linearly with x. 

COMMENTS: In part (b), you could determine the temperature distribution using Fourier's law and 
knowledge of the heat rate dependence upon the x-coordinate. Give it a try! 
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PROBLEM 2.14 



KNOWN: Dimensions of and temperature difference across an aircraft window. Window 
materials and cost of energy. 

FIND: Heat loss through one window and cost of heating for 180 windows on 8-hour trip. 
SCHEMATIC: 




L = 0.01 m 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the x- 
direction, (3) Constant properties. 

PROPERTIES: Table A.3, soda lime glass (300 K): k gl = 1.4 W/m-K. 

ANALYSIS: From Eq. 2.1, 

,.dT , . (Ti - T 2 ) 

q Y = -kA — = kab — — 

dx L 



For glass, 



q Xjg = 1.4 



W 
m-K 



x 0.3 m x 0.3 m x 



80°C 
0.01m 



= 1010 w 



The cost associated with heat loss through N windows at a rate of R = $l/kW - h over a t = 
8 h flight time is 

C g = Nq x g Rt = 130 x 1010 W x 1 ^J— x 8 h x : lkW „ = $1050 



kW-h 



1000W 



Repeating the calculation for the polycarbonate yields 
q x p = 151 W, C p -$157 

while for aerogel, 

q x a = 10.1 W, C a =$10 



COMMENT: Polycarbonate provides significant savings relative to glass. It is also lighter (p p = 
1200 kg/m 3 ) relative to glass (p g = 2500 kg/m 3 ). The aerogel offers the best thermal performance 
and is very light (p a = 2 kg/m 3 ) but would be relatively expensive. 
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PROBLEM 2.15 



KNOWN: Dimensions of and temperature difference applied across thin gold film. 

FIND: (a) Energy conducted along the film, (b) Plot the thermal conductivity along and across 
the thin dimension of the film, for film thicknesses 30 < L < 140 nm. 

SCHEMATIC: a y 




ASSUMPTIONS: (1) One-dimensional conduction in the x- and y-directions, (2) Steady-state 
conditions, (3) Constant properties, (4) Thermal conductivity not affected by nanoscale effects 
associated with 250 nm dimension. 

PROPERTIES: Table A.l, gold (bulk, 300 K): k = 317 W/m-K. 

ANALYSIS: 

a) From Eq. 2.1, 

q x =-kA— =k x Lb[^^] (1) 
dx a 

From Eq. 2.9a, 

k x =k[l-2^ mfp /(37tL)] (2) 

Combining Eqs. (1) and (2), and using the value of ^ m f p = 31 nm from Table 2.1 yields 

q x = k[l - 2^ / (37iL)]Lb[^^] 

a 

01 „ W F1 2x31xl0" 9 m n rn n „„ « 20°C 
= 317 x [1 — ] x 60 x 10 y m x 250 x 10 y m x 



m-K 3xjix60x10" 9 m 1 x 10" 6 m 

- 85 x 10" 6 W = 85 uW < 

(b) The spanwise thermal conductivity may be found from Eq. 2.9b, 

k y =k[l-^ mfp /(3L)] (3) 

Continued.. 
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PROBLEM 2.15 (Cont.) 



The plot is shown below. 



Directional Thermal Conductivities for Gold 



350 



320 



290 



260 



230 - 



200 




T 1 1 r 

30 40 50 60 70 



"i 1 1 1 1 r 

30 90 100 110 120 130 140 



Film thickness fnm) 



bulk thermal conductivity 

kx 

ky 



COMMENT: Nanoscale effects become less significant as the thickness of the film is increased. 
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PROBLEM 2.16 

KNOWN: Different thicknesses of three materials: rock, 18 ft; wood, 15 in; and fiberglass 
insulation, 6 in. 

FIND: The insulating quality of the materials as measured by the R-value. 
PROPERTIES: Table A-3 (300K): 

Material Thermal 
conductivity, W/m-K 



Limestone 2.15 
Softwood 0.12 
Blanket (glass, fiber 10 kg/m 3 ) 0.048 



ANALYSIS: The R-value, a quantity commonly used in the construction industry and building 
technology, is defined as 

L(in) 

R= V ' 



k^Bm-in/h-ft 2 -° f) 



2 

The R-value can be interpreted as the thermal resistance of a 1 ft cross section of the material. Using 
the conversion factor for thermal conductivity between the SI and English systems, the R-values are: 

Rock, Limestone, 18 ft: 

18ftxl2 — _ x 
R= S = 14.5 (Btu/h-ft 2 °F) < 

„ ir W „ c „ Rtu/h-ft-°F in V ; 

2.15 x 0.5778 xl2 — 

m • K W/m-K ft 

Wood, Softwood, 15 in: 

R= — = 18 (Btu/h-ft^Ff 1 < 

0.12^x0.5778 B ' U/h - f '° F xl2^ 1 ' 
m-K W/m-K ft 

Insulation, Blanket, 6 in: 

R= — = 18 (Btu/h-ft 2 -^)" 1 < 

0.048^x0.5778 BtU/h ^ F xl2 in 1 ' 
m-K W/m-K ft 

COMMENTS: The R-value of 19 given in the advertisement is reasonable. 
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PROBLEM 2.17 

KNOWN: Electrical heater sandwiched between two identical cylindrical (30 mm dia. x 60 mm 
length) samples whose opposite ends contact plates maintained at T D . 

FIND: (a) Thermal conductivity of SS316 samples for the prescribed conditions (A) and their average 
temperature, (b) Thermal conductivity of Armco iron sample for the prescribed conditions (B), (c) 
Comment on advantages of experimental arrangement, lateral heat losses, and conditions for which 

AT i * AT 2 . 



SCHEMATIC: 



Heater, *\ 

ioox > 

0.3S3A ) 
Z=77°C- 



r 



T n =77°C 



&x=15mm 



%=77°C 



^AT 1 --2S.or 
— >-SS3/6 
^3 AT 2 =2S.0°C 



Heater^ \ 

ioox > 
a 601 A J 



-15mm 



Case A 



X'77'C- 



Y 



-SS3/6 



^JV^lSSfC 
Armco iron 



^~j3^15.0°C 



Case B 



ASSUMPTIONS: (1) One-dimensional heat transfer in samples, (2) Steady-state conditions, (3) 
Negligible contact resistance between materials. 

PROPERTIES: Table A.2, Stainless steel 316 (T=400K): k ss = 15.2 W/m -K; Armco iron 
(f=380 K) : k iron = 67.2 W/m - K. 

ANALYSIS: (a) For Case A recognize that half the heater power will pass through each of the 
samples which are presumed identical. Apply Fourier's law to a sample 



q = kA ( 



AT 

Ax 



qAx 0.5(l00Vx0.353A)x0.015 m 
k= _4^ = v 1 = 15.0 W/m- K. < 

A c AT ^-(0.030 m) 2 /4x25.0°C 

The total temperature drop across the length of the sample is AT^(L/Ax) = 25°C (60 mm/15 mm) = 
100°C. Hence, the heater temperature is Tfo = 177°C. Thus the average temperature of the sample is 

f=(T o +T h )/2 = 127°C=400K. < 

We compare the calculated value of k with the tabulated value (see above) at 400 K and note the good 
agreement. 

(b) For Case B, we assume that the thermal conductivity of the SS316 sample is the same as that 
found in Part (a). The heat rate through the Armco iron sample is 



Continued 
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PROBLEM 2.17 (CONT.) 



%-on = theater ~ Qss = lOOVx 0.601 A -15.0 W/m- Kx 
qiron =(60.1- 10.6) W=49.5 W 



71 



(0.030 m) 2 15.0°C 
4 X 0.015 m 



where 



q ss 



= k ss A c AT 2 /Ax 2 . 



Applying Fourier's law to the iron sample, 



iron ~~ 



q iron Ax 2 _ 49.5 Wx 0.015 m 
A c AT 2 ^-(0.030 m) 2 /4xl5.0°C 



= 70.0 W/m- K. 



< 



The total drop across the iron sample is 15°C(60/15) = 60°C; the heater temperature is (77 + 60)°C = 
137°C. Hence the average temperature of the iron sample is 



T=(137 + 77)° C/2=107°C=380 K. 



< 



We compare the computed value of k with the tabulated value (see above) at 380 K and note the good 
agreement. 

(c) The principal advantage of having two identical samples is the assurance that all the electrical 
power dissipated in the heater will appear as equivalent heat flows through the samples. With only 
one sample, heat can flow from the backside of the heater even though insulated. 

Heat leakage out the lateral surfaces of the cylindrically shaped samples will become significant when 
the sample thermal conductivity is comparable to that of the insulating material. Hence, the method is 
suitable for metallics, but must be used with caution on nonmetallic materials. 

For any combination of materials in the upper and lower position, we expect AT| = AT 2 . However, if 
the insulation were improperly applied along the lateral surfaces, it is possible that heat leakage will 

occur, causing AT| ^ AT 2 . 
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PROBLEM 2.18 



KNOWN: Geometry and steady-state conditions used to measure the thermal conductivity of an 
aerogel sheet. 

FIND: (a) Reason the apparatus of Problem 2.17 cannot be used, (b) Thermal conductivity of the 
aerogel, (c) Temperature difference across the aluminum sheets, and (d) Outlet temperature of the 
coolant. 



SCHEMATIC: 



Heater Coolant 
in (typ.) 



Coolant 
out (typ. 



m c = 10 kg/min 




ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional heat 
transfer. 

PROPERTIES: Table A.l, pure aluminum [T = (T, + T C;i )/2 = 40°C = 313 K]: k al = 239 W/m-K. 
Table A.6, liquid water (25°C = 298 K): c p = 4180 J/kg-K. 

ANALYSIS: 

(a) The apparatus of Problem 2.17 cannot be used because it operates under the assumption that 
the heat transfer is one-dimensional in the axial direction. Since the aerogel is expected to have 
an extremely small thermal conductivity, the insulation used in Problem 2.17 will likely have a 
higher thermal conductivity than aerogel. Radial heat losses would be significant, invalidating 
any measured results. 

(b) The electrical power is 

E g = V(I) = 10V x 0.125 A = 1.25 W 

Continued... 
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PROBLEM 2.18 (Cont.) 

The conduction heat rate through each aerogel plate is 



q = — = -k a A — = -k a ( )(-^ l - 

2 dx a 4 t 



or 



2E t 2 x 1.25 Wx 0.005 m cn , rt _ 3 W 

£ — — ^ Qvl () 

7tD 2 (TL -T c ) 7i x (0.15 m) 2 x (55 - 25)°C ' m-K 



(c) The conduction heat flux through each aluminum plate is the same as through the aerogel. 
Hence, 

(T c - T t ) _ AT al 

-K t --k al t 

or AT j = - T c ) = 5 - 9xl °" 3W/m ' K x 30°C = 0.74xl 0 - 3 °C < 

k al 239W/m-K 

The temperature difference across the aluminum plate is negligible. Therefore it is not important 
to know the location where the thermocouples are attached. 

(d) An energy balance on the water yields 

E g =mc p (T c o -T ci ) 



or 



T = T • + — — 

mc p 

1 25 W 

= 25°C + — = 25.02°C 

1 kg/min x — min/s x 4180 J/kg • K 
5 60 5 

COMMENTS: (1) For all practical purposes the aluminum plates may be considered to be 
isothermal. (2) The coolant may be considered to be isothermal. 
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PROBLEM 2.19 

KNOWN: Identical samples of prescribed diameter, length and density initially at a uniform 
temperature Tj, sandwich an electric heater which provides a uniform heat flux for a period of 

time At Q . Conditions shortly after energizing and a long time after de-energizing heater are prescribed. 

FIND: Specific heat and thermal conductivity of the test sample material. From these properties, 
identify type of material using Table A.l or A.2. 



SCHEMATIC: 



mm 



TJt) 



-tr-ZnsulaHoT} abouf fhe 

^-Sample l } f>=3965kg/m 3 

Heater, P(W) 
^Sample Z^ZS.OOt 




ASSUMPTIONS: (1) One dimensional heat transfer in samples, (2) Constant properties, (3) 
Negligible heat loss through insulation, (4) Negligible heater mass. 



ANALYSIS: Consider a control volume about the samples 
and heater, and apply conservation of energy over the time 
interval from t = 0 to oo 



E in _ E out - AE - E f - Ej 



-T(0)=Tj=Z3.00T 
T/coY-33.$0°C 



-tn 



PAt o -0 = Mc p [T(oo)-Ti] 



where energy inflow is prescribed by the power condition and the final temperature Tf is known. 
Solving for Cp, 



PAt, 



15 Wxl20s 



M [T (oo) - Tj ] 2 x 3965 kg/m 3 L x 0.060 2 / 4 j m 2 x 0.010 m [33 .50-23 .00]° C 



c„ =765 J/kg-K 



where M = pV = 2p(nD /4)L is the mass of both samples. The transient thermal response of the 
heater is given by 



Continued 
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T 0 (t)-Ti=2q^ 
2q G 



k= 



7tpc p 



i2 



PROBLEM 2.19 (Cont.) 

1/2 



k=- 



T 0 (t)-Ti 



30 s 



n x 3965 kg/m J x 765 J/kg • K 



2x2653 W/m z 
(24.57- 23.00)° C 



= 36.0 W/m-K 



where 



q G = 



15 W 



2A s 2^D 2 /4j 2^x0.060 2 /4)m 2 



= 2653 W/m z 



With the following properties now known, 
3 



p = 3965 kg/rrf 



c p = 765 J/kg-K 



k = 36 W/m-K 



entries in Table A. 1 are scanned to determine whether these values are typical of a metallic material. 
Consider the following, 

• metallics with low p generally have higher thermal conductivities, 

• specific heats of both types of materials are of similar magnitude, 

• the low k value of the sample is typical of poor metallic conductors which generally have 
much higher specific heats, 

• more than likely, the material is nonmetallic. 

From Table A.2, the second entry, polycrystalline aluminum oxide, has properties at 300 K 
corresponding to those found for the samples. < 
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PROBLEM 2.20 



KNOWN: Temperature distribution, T(x,y,z), within an infinite, homogeneous body at a given 
instant of time. 

FIND: Regions where the temperature changes with time. 
SCHEMATIC: 



T(x J y,z)= x 2 -2y 2 +z z -xy +Zyz 
Infinite medium 



ASSUMPTIONS: (1) Constant properties of infinite medium and (2) No internal heat generation. 

ANALYSIS: The temperature distribution throughout the medium, at any instant of time, must satisfy 
the heat equation. For the three-dimensional cartesian coordinate system, with constant properties and 
no internal heat generation, the heat equation, Eq. 2.19, has the form 



c^T d*T 1 3T 



- + - 



■ + - 



dx 2 dy 2 di 2 a di 

If T(x,y,z) satisfies this relation, conservation of energy is satisfied at every point in the medium. 
Substituting T(x,y,z) into the Eq. (1), first find the gradients, <3T/3x, dT/dy, and dT/dz. 

^( 2x -y) + — (-4y-x+2z) +— (2z+2y) = -— . 

Performing the differentiations, 
1 <?T 



(1) 



2-4+2: 



Hence, 



0 



which implies that, at the prescribed instant, the temperature is everywhere independent of time. < 

COMMENTS: Since we do not know the initial and boundary conditions, we cannot determine the 
temperature distribution, T(x,y,z), at any future time. We can only determine that, for this special 
instant of time, the temperature will not change. 
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PROBLEM 2.21 



KNOWN: Diameter D, thickness L and initial temperature of pan. Heat rate from stove to bottom 
of pan. Convection coefficient h and variation of water temperature T^t) during Stage 1. 
Temperature Tl of pan surface in contact with water during Stage 2. 

FIND: Form of heat equation and boundary conditions associated with the two stages. 
SCHEMATIC: 



Stage 1 




T < L > = T l t t t t t t q ° 



x = L 
x = 0 



ASSUMPTIONS: (1) One-dimensional conduction in pan bottom, (2) Heat transfer from stove is 
uniformly distributed over surface of pan in contact with the stove, (3) Constant properties. 

ANALYSIS: 

Stage 1 



Heat Equation: 



Boundary Conditions: 



a z T _ 1 fiT 

- 2 ~ a fit 



fiT 

fix 



q 0 



x=0 



;rD 2 /4 



-k 



fir 

fix 



x=L 



= h[T(L,t)-T 00 (t)] 



Initial Condition: T (x, 0) = Tj 

Stage 2 



Heat Equation: 



d 2 T 



dx^ 



Boundary Conditions: — k 



dT 

dx 



qo 



x=0 



T(L) = T L 

COMMENTS: Stage 1 is a transient process for which Too(t) must be determined separately. As a 
first approximation, it could be estimated by neglecting changes in thermal energy storage by the pan 
bottom and assuming that all of the heat transferred from the stove acted to increase thermal energy 

storage within the water. Hence, with q « Mc p dToo/dt, where M and c p are the mass and specific heat 

of the water in the pan, Too(t) « (q/Mc p ) t. 
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PROBLEM 2.22 



KNOWN: Steady-state temperature distribution in a cylindrical rod having uniform heat generation 
of q : = 5xl0 7 W/m 3 . 

FIND: (a) Steady-state centerline and surface heat transfer rates per unit length, qj. . (b) Initial time 
rate of change of the centerline and surface temperatures in response to a change in the generation rate 
from qj to q 2 = 10 8 W/m 3 . 

SCHEMATIC: 



r o = 0.0Z5m 




T(r) = BOO' A.lbl '-10 S ri 
k=30W/m-k 

P=ll00k 9 /m3 c p = QOoJ/kq-K 



ASSUMPTIONS: (1) One-dimensional conduction in the r direction, (2) Uniform generation, and (3) 
Steady-state for q { = 5xl0 7 W/m 3 . 

ANALYSIS: (a) From the rate equations for cylindrical coordinates, 



= -k 



q = -kA, 



d T 
~dx' 



Hence, 



q r = -k(2^rL) 



d T 



or 



q'j. = -2xkr 



where 3T/3r may be evaluated from the prescribed temperature distribution, T(r). 
At r = 0, the gradient is (dT/dr) = 0. Hence, from Equation (1) the heat rate is 

q r (0) = 0. 



(1) 



At r = r G , the temperature gradient is 



d T 
d r 
d T 
d r 



= -2 



r=r o 



4.167x10 



5 K 



m 



(r G ) = -2(4.167 xl0 5 j(0.025m) 



= -0.208 xlO 5 K/m. 



r=r o 



Continued 
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PROBLEM 2.22 (Cont.) 

Hence, the heat rate at the outer surface (r = r G ) per unit length is 



-0.208 xlCT K/m 



q r (r D ) = -In [30 W/m • K] (0.025m) 

q r (r 0 ) = 0.980 xlO 5 W/m. 

(b) Transient (time-dependent) conditions will exist when the generation is changed, and for the 
prescribed assumptions, the temperature is determined by the following form of the heat equation, 
Equation 2.24 



Hence 



I JL 
r d r 

d T _ 



kr 



~Jx~ 



+q2=pc p — 



1 d_ 
r d r 



kr 



g T 
r 



+q2 



However, initially (at t = 0), the temperature distribution is given by the prescribed form, T(r) = 800 
5 2 

4.167x10 r , and 



I 1_ 
r d r 



kr 



d T 

~Jx~ 



k 



r -8.334x10 -r 



x d x 



k/ -16.668xl0 5 -r! 



= 30 W/m- K 



■16.668 xlO 5 K/m 2 



V 3 

= -5x10 W/m ( the original q=q^ ) . 



Hence, everywhere in the wall, 
dT 1 



1100kg/m 3 x800 J/kg-K 



-5xl0 7 +10 8 



W/nr 



or 



= 56.82 K/s. 



COMMENTS: (1) The value of (3T/3t) will decrease with increasing time, until a new steady-state 
condition is reached and once again (<9T/5t) = 0. 

(2) By applying the energy conservation requirement, Equation 1.11c, to a unit length of the rod for 
the steady-state condition, E- n - E' out + E' gen = 0. Hence q r (0) - qj- (r G ) = -qi [nx^ j . 
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PROBLEM 2.23 

KNOWN: Temperature distribution in a one-dimensional wall with prescribed thickness and thermal 
conductivity. 

FIND: (a) The heat generation rate, q, in the wall, (b) Heat fluxes at the wall faces and relation to q. 
SCHEMATIC: 




L=50 



mm 



T(X) 

a-ZOOX 

b = -Z0O0°C/m* 





\—L— H 











ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) Constant 
properties. 

ANALYSIS: (a) The appropriate form of the heat equation for steady-state, one-dimensional 
conditions with constant properties is Eq. 2.19 re-written as 



q=-k 



dx 



dT 

dx 



Substituting the prescribed temperature distribution, 



q=-k 



dx 



— fa+bx 2 ) = -k — [2bxl = -2bk 
dxl I] dx L J 

q=-2(-2000°C/m 2 jx50 W/m-K=2.0xl0 5 W/m 3 . 
heat fluxes at 
q x (x) = -k 



(b) The heat fluxes at the wall faces can be evaluated from Fourier's law, 
dT^ 



dx 



Using the temperature distribution T(x) to evaluate the gradient, find 



q x (x) 



dx 



a+bx' 



-2kbx. 



The fluxes at x = 0 and x = L are then 

q x (o)=o 

qx (L) = -2kbL=-2 x 50W/m • K |-2000°C/m 2 j x 0.050m 

q x (L) = 10,000 W/m 2 . 

COMMENTS: From an overall energy balance on the wall, it follows that, for a unit area, 
Ei„-E„„t+Eg=0 q'i(0)-q^(L) + q[^0 

q" (L)- q - (0) _ 10,000 w/m 2 -0 _ tf ^ 

L 0.050m 
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PROBLEM 2.24 

KNOWN: Wall thickness, thermal conductivity, temperature distribution, and fluid temperature. 

FIND: (a) Surface heat rates and rate of change of wall energy storage per unit area, and (b) 
Convection coefficient. 

SCHEMATIC: 



'777' 



zoo°c- 





T(x)=ZOO 


Est 






i <2"oat* 




L= 0.75m 




' ' T m =100X,h 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Constant k. 
ANALYSIS: (a) From Fourier's law, 

O rp 

q': =-k — = (200-60x)-k 

x dx V ' 

°C W i 
q ^ =q» =n =200 — xl - = 200W/rri 



m m ■ K 

qout = q'x=L = (200 " 60x 0.3)° C/m x 1 W/m • K=182 W/m 2 
Applying an energy balance to a control volume about the wall, Eq. 1.11c, 

TJ II TJ II TJ II 

^in ^out _ ^st 
Est=qin-qout=18W/m 2 . 
(b) Applying a surface energy balance at x = L, 
q^ )ut =h[T(L)-T 00 ] 

2 



^_ qput 



182 W/m' 



T(L)-T 00 (142.7-100)° C 



h = 4.3 W/m 2 -K. 
COMMENTS: (1) From the heat equation, 

(cTT/dt) = (k/pcp) 5 2 T/dx 2 = 60(k/pc p ), 
it follows that the temperature is increasing with time at every point in the wall. 
(2) The value of h is small and is typical of free convection in a gas. 



< 
< 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 2.25 



KNOWN: Analytical expression for the steady-state temperature distribution of a plane wall 
experiencing uniform volumetric heat generation q while convection occurs at both of its surfaces. 

FIND: (a) Sketch the temperature distribution, T(x), and identify significant physical features, (b) 
Determine q , (c) Determine the surface heat fluxes, q^ (-L) and q'^ (+L); how are these fluxes 
related to the generation rate; (d) Calculate the convection coefficients at the surfaces x = L and x = 
+L, (e) Obtain an expression for the heat flux distribution, q^ ( x ) ; explain significant features of the 
distribution; (f) If the source of heat generation is suddenly deactivated (q =0), what is the rate of 
change of energy stored at this instant; (g) Determine the temperature that the wall will reach 
eventually with q = 0; determine the energy that must be removed by the fluid per unit area of the wall 
to reach this state. 

SCHEMATIC: 




T = a + bx + cx 2 
q, k = 5W/m-K 
p = 2600 kg/m3 

c p = 800 J/kg-K 
T(+L) 



a = 82.0°C, x(m) 
b = -210°C/m 
c = -2x10 4 °C/m 2 



- L 



l>x 



+L = 20 mm 




ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform volumetric heat generation, (3) Constant 
properties. 

ANALYSIS: (a) Using the analytical expression in the Workspace of IHT, the temperature 
distribution appears as shown below. The significant features include (1) parabolic shape, (2) 
maximum does not occur at the mid-plane, T(-5.25 mm) = 83.3°C, (3) the gradient at the x = +L 
surface is greater than at x = -L. Find also that T(-L) = 78.2°C and T(+L) = 69.8°C for use in part (d). 



Temperature distribution 




x-coordinate, x(mm) 



(b) Substituting the temperature distribution expression into the appropriate form of the heat diffusion 
equation, Eq. 2.19, the rate of volumetric heat generation can be determined. 



^dT^ 



V dXy 



k 



where 



dx 

— (0 + b + 2cx) + 5- = (0 + 2c) + ^- = 0 
dx v ' k v ' k 



T(x) = a + bx + cx : 



Continued 
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PROBLEM 2.25 (Cont.) 

q = -2ck = -2|-2xl0 4o C/m 2 j5W/m-K = 2xl0 5 W/m 3 



(c) The heat fluxes at the two boundaries can be determined using Fourier' s law and the temperature 
distribution expression. 



qi(x) = -k 



dT 

dx~ 



where 



T(x) = a + bx + cx : 



q^(-L) = -k[0 + b + 2cx] L =-[b-2cL]k 



q x (-L) 



-210°C/m-2|-2xl0 4 °C/m 2 1 0.020m 



x5W/m-K = -2950W/m 



2 < 



q x (+L) = -(b + 2cL)k = +5050 W/m 2 < 
From an overall energy balance on the wall as shown in the sketch below, E in - E out + E„ en = 0, 



+q x (-L)-q x (+L) + 2qL = 0 or -2950W/m 2 -5050W/m 2 +8000W/m 2 =0 
where 2qL = 2 x 2 x 10 5 W / m 3 x 0.020 m = 8000 W / m 2 , so the equality is satisfied 







Egen - 
► 


Qx(-L) 


— . — j. 


qx( + L) 

1 



-L l>x +L 

Part (c) Overall energy balance 




q x (-L) q^( + L) 
► ► 



Part (d) Surface energy balances 




(d) The convection coefficients, hi and h r , for the left- and right-hand boundaries (x = -L and x= +L, 
respectively), can be determined from the convection heat fluxes that are equal to the conduction 
fluxes at the boundaries. See the surface energy balances in the sketch above. See also part (a) result 
for T(-L) and T(+L). 

q.conv,£ =q'x(- L ) 

h 1 [T oo -T(-L)] = h 1 [20-78.2]K = -2950W/m 2 h-^SlW/m^K < 
qconv,r = Qx 

h r [T (+L) - ^ ] = h r [69.8 - 20] K = +5050 W / m 2 



h r =101W/m 2 -K < 



(e) The expression for the heat flux distribution can be obtained from Fourier's law with the 
temperature distribution 

dT 



qx(x) = -k— = -k[0 + b + 2cx] 



q;(x) = -5W/m-K 



-210°C/m + 2|-2xl0 4o C/m 2 



x = 1050 + 2xl0 J x 



Continued 
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PROBLEM 2.25 (Cont.) 

The distribution is linear with the x-coordinate. The maximum temperature will occur at the location 
where qx(x max ) = 0, 



L max 



1050 W/rri 
2xl0 5 W/m 3 



= -5.25x10 3 m = -5.25mm 



(f) If the source of the heat generation is suddenly deactivated so that q = 0, the appropriate form of 
the heat diffusion equation for the ensuing transient conduction is 



dx 



K dxj 



5T 

at" 



At the instant this occurs, the temperature distribution is still T(x) = a + bx + cx . The right-hand term 
represents the rate of energy storage per unit volume, 

El t =k — [0 + b + 2cxl = k[0 + 2c] = 5W/m-Kx2(-2xl0 4o C/m 2 ) = -2xl0 5 W/m 3 < 

3x \ / 

(g) With no heat generation, the wall will eventually (t — > oo) come to equilibrium with the fluid, 

T(x,oo) = Too = 20°C. To determine the energy that must be removed from the wall to reach this state, 
apply the conservation of energy requirement over an interval basis, Eq. 1.11b. The "initial" state is 
that corresponding to the steady-state temperature distribution, Tj, and the "final" state has Tf = 20°C. 
We've used T^ as the reference condition for the energy terms. 

E m — E out = AE st = Ef — Ej 
+L 



with E- n = 0. 



E out= c P J_ L (T i -T 00 )dx 

E out =P c p [ a + bx + Cx2 ~ T °° dx = P c P 
E out = P c p [ 2aL + 0 + 2cL - 3 1 3 " 2T oo L 



ax + bx 2 /2 + cx 3 /3-T 00 x 



n+L 



E^ ut = 2600kg / m 3 x 800 J / kg • K 



2 x 82°C x 0.020m + 21-2x1 0 4o C / m 2 ' 



(0.020m) 3 /3-2(20°C)0.020m 



E^ ut =4.94xl0 6 J/m 2 



COMMENTS: (1) In part (a), note that the temperature gradient is larger at x = + L than at x 
= - L. This is consistent with the results of part (c) in which the conduction heat fluxes are 
evaluated. 



Continued 
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PROBLEM 2.25 (Cont.) 

(2) In evaluating the conduction heat fluxes, (x) , it is important to recognize that this flux 

is in the positive x-direction. See how this convention is used in formulating the energy 
balance in part (c). 

(3) It is good practice to represent energy balances with a schematic, clearly defining the 
system or surface, showing the CV or CS with dashed lines, and labeling the processes. 
Review again the features in the schematics for the energy balances of parts (c & d). 

(4) Re-writing the heat diffusion equation introduced in part (b) as 
dT' 



dx 



-k 
dx 



+ q = 0 



recognize that the term in parenthesis is the heat flux. From the differential equation, note 
that if the differential of this term is a constant (q/k), then the term must be a linear function 
of the x-coordinate. This agrees with the analysis of part (e). 

(5) In part (f), we evaluated E st , the rate of energy change stored in the wall at the instant the 

volumetric heat generation was deactivated. Did you notice that E st =-2x10 W / m is the 
same value of the deactivated q ? How do you explain this? 
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PROBLEM 2.26 



KNOWN: Steady-state conduction with uniform internal energy generation in a plane wall; 
temperature distribution has quadratic form. Surface at x=0 is prescribed and boundary at x = L is 
insulated. 

FIND: (a) Calculate the internal energy generation rate, q , by applying an overall energy balance to 
the wall, (b) Determine the coefficients a, b, and c, by applying the boundary conditions to the 
prescribed form of the temperature distribution; plot the temperature distribution and label as Case 1, 
(c) Determine new values for a, b, and c for conditions when the convection coefficient is halved, and 
the generation rate remains unchanged; plot the temperature distribution and label as Case 2; (d) 

Determine new values for a, b, and c for conditions when the generation rate is doubled, and the 

2 

convection coefficient remains unchanged (h = 500 W/m -K); plot the temperature distribution and 
label as Case 3. 



SCHEMATIC: 



T(x) = a + bx + cx 2 
k = 5W/m-K, q 

T(0) = T o = 120°C 



h = 500 W/m 2 




Insulated 
boundary 



L = 50 mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with constant 
properties and uniform internal generation, and (3) Boundary at x = L is adiabatic. 

ANALYSIS: (a) The internal energy generation rate can be calculated from an overall energy balance 
on the wall as shown in the schematic below. 



V" —V" 4-V — ft 
^out ~ r ^gen ~~ u 



h(T OD -T o ) + qL = 0 



where 



Ein ~~ Qconv 



(1) 



q = -h(T o0 -T o )/L = -500W/m 2 -K(20-120)°C/0.050m = 1.0xl0 6 W/m 3 < 




>x L 
(a) Overall energy balance 



10 Nl 

— ► 



qx(0) 



q x (L) 
► 



I 

-I— » x = L 



(b) Surface energy balances 



(b) The coefficients of the temperature distribution, T(x) = a + bx + cx , can be evaluated by applying 
the boundary conditions at x = 0 and x = L. See Table 2.2 for representation of the boundary 
conditions, and the schematic above for the relevant surface energy balances. 



Boundary condition at x = 0, convection surface condition 
Bin " E out = q CO nv ~ (0) = 0 where 



q x (o) 



dT 

dx 



x=0 



h(T 00 -T 0 )-[-k(0 + b + 2cx) x=0 



Continued 
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E in - E out = -q" x (L) = 0 where (L) = -k ^ 



PROBLEM 2.26 (Cont.) 

b--h(T oo -T o )/k--500W/m 2 -K(20-120)°C/5W/m-K-1.0xl0 4 K/m (2)< 
Boundary condition at x - L, adiabatic or insulated surface 

dT 

x=L 

k[0 + b + 2cx] x=L =0 (3) 

c = -b/2L = -1.0xl0 4 K/m/(2x0.050m) = -1.0xl0 5 K/m 2 < 
Since the surface temperature at x = 0 is known, T(0) = T G = 120°C, find 

T(0) = 120°C = a + b-0 + c-0 or a = 120°C (4)< 

Using the foregoing coefficients with the expression for T(x) in the Workspace of IHT, the 
temperature distribution can be determined and is plotted as Case 1 in the graph below. 

2 6 

(c) Consider Case 2 when the convection coefficient is halved, h2 = h/2 = 250 W/m -K, q = 1 x 10 

3 

W/m and other parameters remain unchanged except that T 0 ^ 120°C. We can determine a, b, and c 
for the temperature distribution expression by repeating the analyses of parts (a) and (b). 

Overall energy balance on the wall, see Eqs. (1,4) 

a = T G ^qL/h + T^ = lx 10 6 W/m 3 x 0.050m/250W/m 2 • K + 20°C = 220°C < 
Surface energy balance at x = 0, see Eq. (2) 

b = -h(T oo -T o )/k--250W/m 2 -K(20-220)°C/5W/m-K = 1.0xl0 4 K/m < 
Surface energy balance atx-L, see Eq. (3) 

c = -b/2L = -1.0xl0 4 K/m/(2x0.050m) = -1.0xl0 5 K/m 2 < 

The new temperature distribution, T2 (x), is plotted as Case 2 below. 

(d) Consider Case 3 when the internal energy volumetric generation rate is doubled, 

6 3 2 

q 3 =2q = 2xl0 W/m , h = 500 W/m -K, and other parameters remain unchanged except that 

T G ^ 120°C. Following the same analysis as part (c), the coefficients for the new temperature 
distribution, T (x), are 

a = 220°C b = 2xl0 4 K/mc = -2xl0 5 K/m 2 < 
and the distribution is plotted as Case 3 below. 

Continued 
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PROBLEM 2.26 (Cont.) 



800 



700 



600 



500 



400 



300 



200 



100 




Wall position, x(mm) 

1. h = 500 W/m A 2.K, qdot = 1 e6 W/m A 3 

-• — 2. h = 250 W/m A 2.K, qdot = 1 e6 W/m A 3 
-* — 3. h = 500 W/m A 2.K, qdot = 2e6 W/m A 3 



COMMENTS: Note the following features in the family of temperature distributions plotted above. 
The temperature gradients at x = L are zero since the boundary is insulated (adiabatic) for all cases. 
The shapes of the distributions are all quadratic, with the maximum temperatures at the insulated 
boundary. 

By halving the convection coefficient for Case 2, we expect the surface temperature T 0 to increase 
relative to the Case 1 value, since the same heat flux is removed from the wall (qL) but the 
convection resistance has increased. 

By doubling the generation rate for Case 3, we expect the surface temperature T Q to increase relative 
to the Case 1 value, since double the amount of heat flux is removed from the wall (2qL). 

Can you explain why T Q is the same for Cases 2 and 3, yet the insulated boundary temperatures are 
quite different? Can you explain the relative magnitudes of T(L) for the three cases? 
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PROBLEM 2.27 



KNOWN: Temperature distribution and distribution of heat generation in central layer of a solar 
pond. 

FIND: (a) Heat fluxes at lower and upper surfaces of the central layer, (b) Whether conditions are 
steady or transient, (c) Rate of thermal energy generation for the entire central layer. 

SCHEMATIC: 



Mixed /^ P r.. ^g^_--_-_-_„l i --7j 3 
Central layer-j^ ' 9(x)=Ae ax V 
Mixed /^r^j-^W^~<r7^-^\i~ 



T>>Ti 



ASSUMPTIONS: (1) Central layer is stagnant, (2) One-dimensional conduction, (3) Constant 
properties 

ANALYSIS: (a) The desired fluxes correspond to conduction fluxes in the central layer at the lower 
and upper surfaces. A general form for the conduction flux is 



Hence, 



n , $ T _ , 

Qcond n ~ K 

d x 



qi = q C ond(x=L) = " k 



A 



e" ax + B 



ka 

A e -aL 
ka 



+ B 



^u - qcond(x=0) 



-n^ = -k 



ka 



+ B 



(b) Conditions are steady if 3T/3t = 0. Applying the heat equation, 



d L T q \dT 
■ + — = ■ 



3 x 2 k a d t k K 

Hence conditions are steady since 

ffT/dt = 0 (for all 0 < x < L). 
(c) For the central layer, the energy generation is 



A ^ A ^ 1 T 
e H — e 



a r t 



E" = [ L qdx = A f L e" ax dx 
g Jo H Jo 



E„ = e 

6 a 



■ax 



a V 



Alternatively, from an overall energy balance, 

q2 " qi + Eg = 0 Eg = qf -q2 = (-q con d(x=0) ) ~ (-q C ond(x=L) 



E g =k 



ka 



+ B 



-k 



— e" aL + B 
ka 



COMMENTS: Conduction is in the negative x-direction, necessitating use of minus signs in the 
above energy balance. 
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PROBLEM 2.28 

KNOWN: Temperature distribution in a semi-transparent medium subjected to radiative flux. 

FIND: (a) Expressions for the heat flux at the front and rear surfaces, (b) Heat generation rate q(x) , 
(c) Expression for absorbed radiation per unit surface area in terms of A, a, B, C, L, and k. 
SCHEMATIC: 

| \laser irradiation 

w u 

. -JLSemitnansparenf medium^ 



L.-fg J 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in medium, (3) 
Constant properties, (4) All laser irradiation is absorbed and can be characterized by an internal 

volumetric heat generation term q(x). 

ANALYSIS: (a) Knowing the temperature distribution, the surface heat fluxes are found using 
Fourier's law, 



"dT" 




= -k 


_dx_ 





q' x =-k 

Front Surface, x=0: 
Rear Surface, x=L: 



-4(-a) e - ax +B 



21 



q'x (o) = -k 
q'x(L) 









+—-1 + B 




- + kB 


ka 




a 



k 


+ A e - aL +B 




-e" aL +kB 




ka 




a 



(b) The heat diffusion equation for the medium is 
d fdT^ q „ . , d f dT^ 



dx 



vdXy 



4 n • i d 

+ — = 0 or q=-k — 
k dx 



vdx y 



dx 



+ A e - ax +B 

ka 



= Ae 



-ax 



(c) Performing an energy balance on the medium, 



^in E out + E„ - 0 



recognize that Eg represents the absorbed irradiation. On a unit area basis 

A fl-e- aL ' 
a 

Alternatively, evaluate E" by integration over the volume of the medium, 



Eg = -E m + EU = -q'i (0) + q x (L) = + - (l - e 

3. V 



A 


"e" ax " 


L 


"-( 


a 




0 


a \ 



-aL 



< 
< 
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PROBLEM 2.29 



KNOWN: Steady-state temperature distribution in a one-dimensional wall of thermal 

3 2 

conductivity, T(x) = Ax + Bx + Cx + D. 

FIND: Expressions for the heat generation rate in the wall and the heat fluxes at the two wall 
faces (x = 0,L). 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) 
Homogeneous medium. 

ANALYSIS: The appropriate form of the heat diffusion equation for these conditions is 



d 2 T q 

— - + -3- = 0 or q = -k 
dx 2 k 

Hence, the generation rate is 



d 2 T 





"dT" 










dx 


_dx 


dxL 



3Ax z + 2Bx + C + 0 



q=-k[6Ax + 2B] 



which is linear with the coordinate x. The heat fluxes at the wall faces can be evaluated from 
Fourier's law, 



dx 



3Ax z + 2Bx + C 



using the expression for the temperature gradient derived above. Hence, the heat fluxes are: 
Surface x=0: 

q x (o) = -kc < 

Surface x=L: 



qi(L) = -k 



3AL Z +2BL +C 



COMMENTS: (1) From an overall energy balance on the wall, find 

c? _p" F" -0 
^out ^ c g ~~ u 



qi(0)-qi(L) + EJ=(-kC)-(-k) 
E g = -3AkL 2 - 2BkL. 



3AL Z + 2BL+C 



+ E g=° 



From integration of the volumetric heat rate, we can also find Eg as 

1 L 
-0 



Eg = J^q(x]dx=j"^-k[6Ax+2B]dx=-k 



3Ax z + 2Bx 



E g =-3AkL z -2BkL. 
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PROBLEM 2.30 



KNOWN: Plane wall with no internal energy generation. 

FIND: Determine whether the prescribed temperature distribution is possible; explain your 
reasoning. With the temperatures T(0) = 0°C and Tqq = 20°C fixed, compute and plot the temperature 
T(L) as a function of the convection coefficient for the range 10 < h < 100 W/m 2 -K. 

SCHEMATIC: 

~^m^' T(L) 




x = L 



q = 0 

k = 4.5 W/m-K 



0.18m 



Too =20 °C 
h = 30 W/m 2 K 



q"x (0) 



cv 



ASSUMPTIONS: (1) One-dimensional conduction, (2) No internal energy generation, (3) Constant 
properties, (4) No radiation exchange at the surface x = L, and (5) Steady-state conditions. 

ANALYSIS: (a) Is the prescribed temperature distribution possible? If so, the energy balance at the 
surface x = L as shown above in the Schematic, must be satisfied. 

Ei n -E out =0 qx(L)-q^ v =0 (1,2) 

where the conduction and convection heat fluxes are, respectively, 

qi(L) = -k- dT 



dx 



T(L)-T(0) ,„ / / i 

= -k — ^ ^ = -4.5 W/m • K x ( 120 - 0) C/0. 1 8 m = -3000 W/ m z 



x=L 



qc V = h [T ( L) - ^ ] = 30 W/ m Z • K x ( 120 - 20)° C = 3000 W/ ni 

Substituting the heat flux values into Eq. (2), find (-3000) - (3000) ^ 0 and therefore, the temperature 
distribution is not possible. 

(b) With T(0) = 0°C and Tqq = 20°C, the temperature at the surface x = L, T(L), can be determined 
from an overall energy balance on the wall as shown above in the Schematic, 

T(L)-T(0) 



E out - 0 



q" (0)-qc V = 0 



•h[T(L)-T oo ] = 0 



4.5W/m-K T(l)-0°C 



/0.18m-30W/m -K 



T(L)-20°C 



T(L) = 10.9°C 

Using this same analysis, T(L) as a function of 
the convection coefficient can be determined 
and plotted. We don't expect T(L) to be 
linearly dependent upon h. Note that as h 
increases to larger values, T(L) approaches T^ . 
To what value will T(L) approach as h 
decreases? 




Convection cofficient, h (W/m A 2.K) 
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PROBLEM 2.31 



KNOWN: Coal pile of prescribed depth experiencing uniform volumetric generation with 
convection, absorbed irradiation and emission on its upper surface. 

FIND: (a) The appropriate form of the heat diffusion equation (HDE) and whether the prescribed 
temperature distribution satisfies this HDE; conditions at the bottom of the pile, x = 0; sketch of the 
temperature distribution with labeling of key features; (b) Expression for the conduction heat rate at 
the location x = L; expression for the surface temperature T s based upon a surface energy balance at x 
= L; evaluate T s and T(0) for the prescribed conditions; (c) Based upon typical daily averages for G s 

and h, compute and plot T s and T(0) for (1) h = 5 W/m 2 -K with 50 < G s < 500 W/m 2 , (2) G s = 400 

W/m 2 with5 <h<50W/m 2 -K. 



SCHEMATIC: 

Air 



7-oo=25 °C 
h = 5 W/m 2 K 



G s = 400 W/m^ 



cv 



L= 1m- 



a s = e = 0.95 



\ / 



G S, abs 



/ 



t 



yyyyyyyyyyyyyyyyyy 



Coal, k 

q = 20 W/rrr 



V, 



«V L > 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Uniform volumetric heat generation, (3) 
Constant properties, (4) Negligible irradiation from the surroundings, and (5) Steady-state conditions. 

PROPERTIES: Table A.3, Coal (300K): k = 0.26 W/m.K 

ANALYSIS: (a) For one-dimensional, steady-state conduction with uniform volumetric heat 
generation and constant properties the heat diffusion equation (HDE) follows from Eq. 2.20, 
d ( dT A 



dx 



dx 



+ - 



0 



Substituting the temperature distribution into the HDE, Eq. (1), 



T(X): 



:T S + 



2k 



d_ 
dx 



0 + 



2k 



2x 
L J 



+ ^-? = ?0 
k 



(D< 



(2,3) 



we find that it does indeed satisfy the HDE for all values of x. 

From Eq. (2), note that the temperature distribution must be quadratic, with maximum value at x = 0. 
At x = 0, the heat flux is 



q x (0) 



dT 

dx 



x=0 



0 + 



2k 



2x 
L J 



x=0 



so that the gradient at x = 0 is zero. Hence, the 
bottom is insulated. 



Parabolic shape 




Zero gradient 
at bottom 



(b) From an overall energy balance on the pile, the conduction heat flux at the surface must be 

q^(L) = E g =qL < 



Continued... 
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PROBLEM 2.31 (Cont.) 

From a surface energy balance per unit area shown in the Schematic above, 



^in E out + Eg - 0 



qx ( L ) " qconv + G S,abs - E = 0 



qL - h (T s - ) + 0.95G S - saT* = 0 

20 w/ m 3 xl m - 5 w/ m 2 -K (T s - 298 k) + 0.95 x 400 w/ m - 0.95 x 5.67 x 10~ 8 w/ m 2 -K 4 T s 4 = 0 



(4) 



T s = 295.7 K =22.7°C 



From Eq. (2) with x = 0, find 



qL 2 o 20w/m 3 x(lm) 2 

T(0) = T s +^ = 22.7 C + '- i ^— = 61.1 C 

w 2k 2x0.26W/mK 

where the thermal conductivity for coal was obtained from Table A. 3. 



(5)< 



(c) Two plots are generated using Eq. (4) and (5) for T s and T(0), respectively; (1) with h = 5 W/m-K 
for 50 < G s < 500 W/m 2 and (2) with G s = 400 W/m 2 for 5 < h < 50 W/m 2 -K. 



Convection coefficient, h = 5 W/m A 2.K 




100 200 300 400 

Solar irradiation, GS (W/m A 2) 



T0_C 
Ts_C 



500 



Solar irradiation, GS = 400 W/m"2 



10 20 30 40 

Convection coefficient, hi (W/m A 2.K) 



T0_C 
Ts_C 



From the T vs. h plot with G s = 400 W/m , note that the convection coefficient does not have a major 
influence on the surface or bottom coal pile temperatures. From the T vs. Gs plot with h = 5 W/m 2 -K, 
note that the solar irradiation has a very significant effect on the temperatures. The fact that T s is less 

than the ambient air temperature, T^, , and, in the case of very low values of Gs, below freezing, is a 
consequence of the large magnitude of the emissive power E. 

COMMENTS: In our analysis we ignored irradiation from the sky, an environmental radiation effect 
you'll consider in Chapter 12. Treated as large isothermal surroundings, G s k y = where T sky = - 

30°C for very clear conditions and nearly air temperature for cloudy conditions. For low G s 
conditions we should consider G s k y , the effect of which will be to predict higher values for x s and 

T(0). 
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PROBLEM 2.32 

KNOWN: Cylindrical system with negligible temperature variation in the r,z directions. 

FIND: (a) Heat equation beginning with a properly defined control volume, (b) Temperature 
distribution T(())) for steady-state conditions with no internal heat generation and constant properties, 
(c) Heat rate for Part (b) conditions. 

SCHEMATIC: 

Insulation ^sWWsvu.,/ \Ar = r 0 -r-, 

Ar 

(if /^%%y ' "*k^zc 

'Z '1 

ASSUMPTIONS: (1) T is independent of r,z, (2) Ar = (r D - r } ) « r ; . 

ANALYSIS: (a) Define the control volume as V = rid())Ar-L where L is length normal to page. Apply 
the conservation of energy requirement, Eq. 1.11c, 




p. _ p . + p 
Mn ^out T L £ 



'st 



q^-q^+d^+qv = /?vc 



where 



y =-k(Ar-L) 



d T 



<l<f>+d<f> = y 



+ - 



d </> 



(q^) d ^ 



(1,2) 
(3,4) 



Eqs. (3) and (4) follow from Fourier's law, Eq. 2.1, and from Eq. 2.11, respectively. Combining Eqs. 
(3) and (4) with Eq. (2) and canceling like terms, find 



1 d 



r 2 d 0 y d (j) 



d T 



+ q=pc 



d T 
Jt' 



(5)< 



Since temperature is independent of r and z, this form agrees with Eq. 2.24. 
(b) For steady-state conditions with q = 0, the heat equation, (5), becomes 

dT" 



_d_ 
d7 



= 0. 



(6) 



With constant properties, it follows that dT/d(|) is constant which implies T(())) is linear in That is, 

(7,8) < 



§ = 5-4 = +i ( T 2- T l) or TW = T 1+ i(T 2 - Tl )f 
atp ^2 _ ^i ft n 



(c) The heat rate for the conditions of Part (b) follows from Fourier's law, Eq. (3), using the 
temperature gradient of Eq. (7). That is, 



q^=-k(Ar-L) 



1 



+^(T 2 -Ti) 



= -k 


r o" r i 




7t\ 



L(T 2 -Ti). 



(9)< 



COMMENTS: Note the expression for the temperature gradient in Fourier's law, Eq. (3), is 

5T/ri5(j) not &T/d§. For the conditions of Parts (b) and (c), note that q^ is independent of 
this is first indicated by Eq. (6) and confirmed by Eq. (9). 
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PROBLEM 2.33 



KNOWN: Heat diffusion with internal heat generation for one-dimensional cylindrical, 
radial coordinate system. 

FIND: Heat diffusion equation. 

SCHEMATIC: 




ASSUMPTIONS: (1) Homogeneous medium. 

ANALYSIS: Control volume has volume, V = A r - dr = 2m -dr -1, with unit thickness 
normal to page. Using the conservation of energy requirement, Eq. 1.11c, 



Ein E out + Eg en — E st 



qr-qr+dr+q v =P Vc P 



3T 



Fourier's law, Eq. 2.1, for this one-dimensional coordinate system is 

q r 



-kA r — = -k x 2;zr • 1 x 



dx dx 
At the outer surface, r + dr, the conduction rate is 



q r +dr = q r + ^(qr ) dr =q r + -r- 

o r a r 



-k • Itix 



d T 

d r 



dr. 



Hence, the energy balance becomes 



q r 



q r + 



d_ 
d r 



-k2;rr 



d T 
d r 



dr 



+ q • 2^rdr=/? • 2^rdr • c p 



d T 



Dividing by the factor 2th- dr, we obtain 



1 d 
r d r 



d T 
d r 



+ q=pc p 



d T 



COMMENTS: (1) Note how the result compares with Eq. 2.24 when the terms for the (j),z 
coordinates are eliminated. (2) Recognize that we did not require q and k to be independent 
of r. 
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PROBLEM 2.34 

KNOWN: Heat diffusion with internal heat generation for one-dimensional spherical, radial 
coordinate system. 

FIND: Heat diffusion equation. 

SCHEMATIC: 




ASSUMPTIONS: (1) Homogeneous medium. 



ANALYSIS: Control volume has the volume, V = A r • dr = 4nr dr. Using the conservation 
of energy requirement, Eq. 1.11c, 

Ein — E out + Eg en = E st 

qr-q r +dr+q v =P v Cp— • 

Fourier's law, Eq. 2.1, for this coordinate system has the form 

dT 2 dT 

= -k-4;zr . 

dr dr 

At the outer surface, r + dr, the conduction rate is 

2 d T 



-kA r 



q r +dr = q r + ^(q r jdr = q r + — 

or or 



-k-W 



d r 



dr. 



Hence, the energy balance becomes 



q r 



d 

a r 



-k-4^-r z 

d r 



dr 



+ q-4^r dr=/?-4;rr dr-c p . 

F (7 1 1 



Dividing by the factor 4 m dr, we obtain 



1 d 



r 2d 



kr 



2 ^T 
r 



+q= " c P7T- 



COMMENTS: (1) Note how the result compares with Eq. 2.27 when the terms for the B,§ 
directions are eliminated. 



(2) Recognize that we did not require q and k to be independent of the coordinate r. 
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PROBLEM 2.35 

KNOWN: Three-dimensional system - described by cylindrical coordinates (r,(|),z) 
experiences transient conduction and internal heat generation. 

FIND: Heat diffusion equation. 

SCHEMATIC: See also Fig. 2.9. 




ASSUMPTIONS: (1) Homogeneous medium. 

ANALYSIS: Consider the differential control volume identified above having a volume 
given as V = dr-rd())-dz. From the conservation of energy requirement, 



q r -q r +dr -q^+d^ +q z -q z +dz + b g 



+ E„ =E 



st- 



(1) 
(2,3) 

(4,5,6) 



The generation and storage terms, both representing volumetric phenomena, are 
Eg = qV = q(dr-rd^-dz) E g = pYcd T/d t = p(dr-rd^-dz)c d T/d t. 

Using a Taylor series expansion, we can write 

q r +dr =qr+^:(qr) dr ' q^+d^ =y + y^M d 0> ^z+dz = q z +^(qz) dz - 

Using Fourier's law, the expressions for the conduction heat rates are 

q r =-kA r ^T/^r = -k(rd^-dz)^T/^r (7) 

q^ = -kA^ T/xd<p = -k (dr • dz) d T/xd<f> (8) 

q z =-kA z dT/d z = -k(dx-xd0)dT/d z. (9) 

Note from the above, right schematic that the gradient in the (j)-direction is dT/rd§ and not 
dT/df Substituting Eqs. (2), (3) and (4), (5), (6) into Eq. (1), 

-^(q r ) dr -^(q^) d ^-^(qz) dz +q dr - rd ^- dz = p( dr - rd ^- dz ) c 4r7- 

d x d<p v Y ' d z d t 

Substituting Eqs. (7), (8) and (9) for the conduction rates, find 



(10) 



d 



-k(rd^-dz) 



d T 

~Jx~ 



dr- 



d 



d <f> 



-k(drdz) 



d T 



+4 dr • rd^ • dz = p (dr • rd^ • dz) c 



xd(j) 
d T 



d<fi- 



d 



dz 



-k(dr -rd^) 



d T 

Ifz 



dz 



dt 



(11) 



Dividing Eq. (1 1) by the volume of the CV, Eq. 2.24 is obtained. 



1 d 
x d x 



kr 



d T 

~Jx~ 



+- 



l_d_ 
x 2 ^ 



d T 

~dj 



+ - 



d_ 



d T 

~dz~ 



+ q = pc 



dT 

~dt 
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PROBLEM 2.36 



KNOWN: Three-dimensional system - described by spherical coordinates (r,()),0) - experiences 
transient conduction and internal heat generation. 

FIND: Heat diffusion equation. 

SCHEMATIC: See Figure 2.13. 

ASSUMPTIONS: (1) Homogeneous medium. 

ANALYSIS: The differential control volume is V = dr-rsinOd())-rdO, and the conduction terms are 
identified in Figure 2.13. Conservation of energy requires 

qr-qr+dr+q^-q^+d^+q<9-q<9+d<9 + E g =E st- (!) 
The generation and storage terms, both representing volumetric phenomena, are 



3 T 



E„ = qV = q[dr-r sin6>d^ -rd6>] E st = pYc = p[dx x sin6>d^-rd6>]c 



3 T 
77' 



q r +dr = q r +^(qr) dr ' q^+d^=q^+J^(q^)<¥, q#+d# =q#+^(q#) d #- ( 4 >5,6) 



Using a Taylor series expansion, we can write 

3 , x , 3_ 

d<j)' 

From Fourier's law, the conduction heat rates have the following forms. 
q r = -kA r 3 TI3 r = -k [r sin#d^ • rd#] 3 T/3 r 

q^ = -kA^ T/r sin^ = -k[dr -rd0] 3 T/r sin^ 

q 0 = -kA 0 3 11x39 = -k [dr • r sin#d^] 3 T/x30. 
Substituting Eqs. (2), (3) and (4), (5), (6) into Eq. (1), the energy balance becomes 

(q r )dr (id (q6»)d^+q[dr -r sin#d^-rd#] = /?[dr -r sin#d^-rd#]c 

d r 3<p v v ' 39 3 1 

Substituting Eqs. (7), (8) and (9) for the conduction rates, find 



(2,3) 



(7) 
(8) 
(9) 

(10) 



3_ 
3x 



-k[r sin#d^-rd#] 



3 T 

77 



dr- 



3 



-k[dr-rd#] 



3 T 



r sin 



d<fi 



36 



-k[dr -r sin^d^] 



3 T 



d# + q[dr-r sin#d^ -rd#] = /?[dr -T sin#d^-rd#]c 



g T 

77 



(ID 



Dividing Eq. (11) by the volume of the control volume, V, Eq. 2.27 is obtained. 



1 3 



r 2 3x 



kr 



2 ^T 



+ ■ 



1 



3 



r 2 sin 2 6> <fy 



3 T 

77. 



+■ 



i 



3 



x 2 sixi0 36 



k sin^ 



3 T 
77 



+ q = pc 



g T 

77' 



COMMENTS: Note how the temperature gradients in Eqs. (7) - (9) are formulated. The numerator 
is always 5T while the denominator is the dimension of the control volume in the specified coordinate 
direction. 
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PROBLEM 2.37 

KNOWN: Temperature distribution in steam pipe insulation. 

FIND: Whether conditions are steady-state or transient. Manner in which heat flux and heat rate vary 
with radius. 

SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional conduction in r, (2) Constant properties. 
ANALYSIS: From Equation 2.24, the heat equation reduces to 

1 d T 



1 d ( d T^ 1 
r 



r d r 



v 



d r 



a d t 



Substituting for T(r), 
\dT 1 d 



a d t r d r 



Ci 

r — 

v r j 



= 0. 



Hence, steady-state conditions exist. < 
From Equation 2.23, the radial component of the heat flux is 

q" = -k = -k — . 

dx r 

Hence, qj.' decreases with increasing r^q^cirl/r). < 

At any radial location, the heat rate is 
q r = 2^rLqJ.' = -2^kC^L 

Hence, q r is independent of r. < 

COMMENTS: The requirement that q r is invariant with r is consistent with the energy conservation 

requirement. If q r is constant, the flux must vary inversely with the area perpendicular to the direction 
of heat flow. Hence, qj.' varies inversely with r. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 2.38 



KNOWN: Inner and outer radii and surface temperatures of a long circular tube with internal energy 
generation. 

FIND: Conditions for which a linear radial temperature distribution may be maintained. 
SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant properties. 
ANALYSIS: For the assumed conditions, Eq. 2.24 reduces to 



k d_ 
r dr 



dT 

r — 
v dr 



+ q = 0 



If q = 0 or q = constant, it is clearly impossible to have a linear radial temperature distribution. 
However, we may use the heat equation to infer a special form of q (r) for which dT/dr is a constant (call 
itCi). It follows that 



k d_ 
r dr 



(rCi) + q = 0 
Cik 



where Q = (T 2 - T^/fo - rj). Hence, if the generation rate varies inversely with radial location, the radial 
temperature distribution is linear. 

COMMENTS: Conditions for which q oc (1/r) would be unusual. 
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PROBLEM 2.39 

KNOWN: Radii and thermal conductivity of conducting rod and cladding material. Volumetric rate 
of thermal energy generation in the rod. Convection conditions at outer surface. 

FIND: Heat equations and boundary conditions for rod and cladding. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in r, (3) Constant 
properties. 

ANALYSIS: From Equation 2.24, the appropriate forms of the heat equation are 
Conducting Rod: 



k r d 



r dr 



dTr 
dt 



+ q = 0 



Cladding: 



df dT c > 
r L 



dr 



v 



dr 



0. 



Appropriate boundary conditions are: 
dT r /drl r = 0 =0 

T r (ri) = T c ( ri ) 

u dT r 



(a) 
(b) 

(c) 



-It 



(d) 



dr 4 c dr 5 
dX 



kc^f lr 0 = h[T c (r 0 )- Too ] 



< 
< 

< 



COMMENTS: Condition (a) corresponds to symmetry at the centerline, while the interface 

conditions at r = r x (b,c) correspond to requirements of thermal equilibrium and conservation of 
energy. Condition (d) results from conservation of energy at the outer surface. Note that contact 
resistance at the interface between the rod and cladding has been neglected. 
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PROBLEM 2.40 



KNOWN: Steady-state temperature distribution for hollow cylindrical solid with volumetric heat 
generation. 

FIND: (a) Determine the inner radius of the cylinder, r i; (b) Obtain an expression for the volumetric 
rate of heat generation, q, (c) Determine the axial distribution of the heat flux at the outer surface, 

(r G , z) , and the heat rate at this outer surface; is the heat rate in or out of the cylinder; (d) 

Determine the radial distribution of the heat flux at the end faces of the cylinder, q^ (r, +z G ) and 

q'z (r, -z G ) , and the corresponding heat rates; are the heat rates in or out of the cylinder; (e) 

Determine the relationship of the surface heat rates to the heat generation rate; is an overall energy 
balance satisfied? 



SCHEMATIC: 



Insulated 
boundary 




T(r,z) = a + br 2 + cln(r) + dz 2 r(m), z(m) 

a = 20°C c =-12°C 

b = 150°C/m 2 d =-300°C/m 2 

k= 16 W/m-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction with constant 
properties and volumetric heat generation. 

ANALYSIS: (a) Since the inner boundary, r = r b is adiabatic, then q£ , z) = 0. Hence the 
temperature gradient in the r-direction must be zero. 

5T" 

r. 



= 0 + 2br i +c/r i +0 = 0 



2b 



-12°C 



2xl50°C/m z 



: 0.2m 



(b) To determine q, substitute the temperature distribution into the heat diffusion equation, Eq. 2.24, 
for two-dimensional (r,z), steady-state conduction 



\d_f 5T 
r <3r ^ 8r 



d_ 

dz 



dz J k 



(r[0 + 2br + c/r + 0]) + — (0 + 0 + 0 + 2dz) + ^- = 0 



r dr 
1 



[4br + 0l + 2d + - = 0 



q = -k[4b + 2d] = -16 W/m-K 4xl50°C/m 2 +2(-300°C/m 2 ) 



= 0W/m 3 



(c) The heat flux and the heat rate at the outer surface, r = r G , may be calculated using Fourier's law. 



% ( r o, z ) = I = ~k[0 + 2br o + c/r o + 0] 



Continued 
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PROBLEM 2.40 (Cont.) 

q"(r o z) = -16W/m-K^2xl50°C/m 2 xl m-12°C/l m J = -4608 W / m 2 



q r ( r o) = A , q"( r o, z ) where 

q r (r o ) = -4^-xl mx2.5 mx4608W/m 2 = -144,765W 



A r= 2 >"o( 2z o) 



Note that the sign of the heat flux and heat rate in the positive r-direction is negative, and hence the 
heat flow is into the cylinder. 



(d) The heat fluxes and the heat rates at end faces, z = + z 0 and - z 0 , may be calculated using Fourier's 
law. The direction of the heat rate in or out of the end face is determined by the sign of the heat flux in 
the positive z-direction. 

At the upper end face, z = + z 0 : 

5T^ 



qz(r,+z 0 ) = -k — =-k[0 + 0 + 0 + 2dz o ] 

dz J z 

q^ (r, +z Q ) = -16 W / m ■ K x 2 |-300°C / m 2 \ 2.5 m = +24, 000 W / m 

q z (+ z o) = A z qz( r >+ z o) where 
q z ( +Zq ) = K |l 2 - 0.2 2 j m 2 x 24, 000 W / m 2 = +72, 382 W 



■ 2 2 

A z = * r o " r i 



Thus, heat flows out of the cylinder. 

At the lower end face, z = - z 0 : 



tz( r >- Z o) = - k 



ST 



-k[0 + 0 + 0 + 2d(-z 0 )] 



q" z ( r , -z o ) = -16 W / m 2 ■ K x 2 (-300°C / m) (-2.5 m) = -24, 000 W / m 2 

q z (-zJ = -72,382W 
Again, heat flows out of the cylinder. 

(e) The heat rates from the surfaces and the volumetric heat generation can be related through an 
overall energy balance on the cylinder as shown in the sketch. 



< 
< 

< 
< 



t 



q^(r,+z 0 ) = +24,000 W/m 2 
q^r ,+Zq) = +72,382 W 
/ Egen = q V 

q;(r„,z) = -4,608 W/m 2 
~* q r (r 0 ,z) = -144,765 W 



L> r 



qin-zo 



) = -24,000 W/m 2 
72,382 W 



Continued... 
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PROBLEM 2-40 (Conti.) 



gen 



= 0 



where 




-q r (r o ) = -(-144,765 W) = +144,765 W 



< 



E out = +q z ) - q, K ) = [72,382 - (-72,382)] W = +144,764 W 



< 



The overall energy balance is satisfied. 

COMMENTS: When using Fourier's law, the heat flux q" z denotes the heat flux in the positive z- 
direction. At a boundary, the sign of the numerical value will determine whether heat is flowing into 
or out of the boundary. 
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PROBLEM 2.42 

KNOWN: Temperature distribution in a spherical shell. 

FIND: Whether conditions are steady-state or transient. Manner in which heat flux and heat rate vary 
with radius. 

SCHEMATIC: 




Spherical shell } 



ASSUMPTIONS: (1) One-dimensional conduction in r, (2) Constant properties. 
ANALYSIS: From Equation 2.27, the heat equation reduces to 



1 d 



r 2 dx 



: z 

d r 



Substituting for T(r), 

1 d T 1 d 



a d t 



r 2 dx 



1 d T 

a d t 



Hence, steady-state conditions exist. 

From Equation 2.26, the radial component of the heat flux is 



41 d r r 2 



Hence, q" decreases with increasing r^|q r ocl/r^j. < 

At any radial location, the heat rate is 
q r =4m 2 q" = 47±C l . 

Hence, q r is independent of r. < 

COMMENTS: The fact that q r is independent of r is consistent with the energy conservation 

requirement. If q r is constant, the flux must vary inversely with the area perpendicular to the direction 

„ 2 
of heat flow. Hence, q r varies inversely with r . 
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PROBLEM 2.43 



KNOWN: Spherical container with an exothermic reaction enclosed by an insulating material whose 
outer surface experiences convection with adjoining air and radiation exchange with large 
surroundings. 

FIND: (a) Verify that the prescribed temperature distribution for the insulation satisfies the 
appropriate form of the heat diffusion equation; sketch the temperature distribution and label key 
features; (b) Applying Fourier's law, verify the conduction heat rate expression for the insulation layer, 
q r , in terms of T Sj i and T s 2 ; apply a surface energy balance to the container and obtain an alternative 
expression for q r in terms of q and r^ (c) Apply a surface energy balance around the outer surface of 

the insulation to obtain an expression to evaluate T s 2 ; (d) Determine T s 2 for the specified geometry 
and operating conditions; (e) Compute and plot the variation of T Sj2 as a function of the outer radius 
for the range 201 < r 2 < 210 mm; explore approaches for reducing T Sj2 < 45°C to eliminate potential 
risk for burn injuries to personnel. 



SCHEMATIC: 



'sur 



Air 

Too.h 




Reaction, J Q q = q 0 exp (- A /Tq) 
Insulation, k 



ASSUMPTIONS: (1) One-dimensional, radial spherical conduction, (2) Isothermal reaction in 
container so that T Q = T s j, (2) Negligible thermal contact resistance between the container and 
insulation, (3) Constant properties in the insulation, (4) Surroundings large compared to the insulated 
vessel, and (5) Steady-state conditions. 



ANALYSIS: The appropriate form of the heat diffusion equation (HDE) for the insulation follows 
from Eq. 2.27, 



1 d 



2dT 
r — 
dr 



0 



(D< 



The temperature distribution is given as 

i-(iA) 



T(r) = T M -(T s>1 -T s>2 ) 



.l-(ri/r 2 ) 

Substitute T(r) into the HDE to see if it is satisfied: 

2 



(2) 



1 d 

~2 dr" 

1 d 

^2 dr" 



t ^ + ( ri//f 



-(t s ,i-t s , 2 )- 



(ri/r 2 ) 



and since the expression in parenthesis is independent of r, T(r) does indeed satisfy the HDE. The 
temperature distribution in the insulation and its key features are as follows: 

Continued... 
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PROBLEM 2.43 (Cont.) 



(1) T S>1 >T S , 2 

(2) Decreasing gradient with increasing radius, 
r, since the heat rate is constant through 
the insulation. 




(b) Using Fourier' s law for the radial-spherical coordinate, the heat rate through the insulation is 

dT / 2 \dT 
q r = -kA, — = -k Anr — 
dr V / dr 

and substituting for the temperature distribution, Eq. (2), 

u + |i, r 2 

q r = -A\nx l 



0-T S)1 -T s>2 > 
1 -( r l/ r 2 ) 



q r = 



4^k(T s4 -T s>2 ) 



(lAl)-(Vr 2 ) 

Applying an energy balance to a control surface about the container at r = ri, 



(3)< 



^in ^out ~~ 0 



qV-q r =0 




where qV represents the generated heat in the container, 

q r =(4/3) OTl 3 q (4) < 

(c) Applying an energy balance to a control surface placed around the outer surface of the insulation, 



^in ^out - 0 



1r Iconv Irad ^ 




q r - hA s (t S;2 - ^ ) - ^A s cr (t s 4 2 - T s 4 ur J = 0 



(5)< 
Continued... 
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PROBLEM 2.43 (Cont.) 

where 

A s =4^ 2 2 (6) 

These relations can be used to determine T s2 in terms of the variables q , ri, r 2 , h, T^, s and T sur . 
(d) Consider the reactor system operating under the following conditions: 

r, = 200 mm h = 5 W/m 2 -K s = 0.9 

r 2 = 208 mm T OT = 25°C T sur = 35°C 

k = 0.05 W/m-K 

The heat generated by the exothermic reaction provides for a volumetric heat generation rate, 

q = q 0 exp(-A/T 0 ) q o =5000w/m 3 A = 75K (7) 

where the temperature of the reaction is that of the inner surface of the insulation, T Q = T s>1 . The 
following system of equations will determine the operating conditions for the reactor. 

Conduction rate equation, insulation, Eq. (3), 
4^x0.05W/m-K(T S)1 -T S)2 ) 

Qy — (o) 

(1/0.200 m- 1/0.208 m) 
Heat generated in the reactor, Eqs. (4) and (7), 

q r =4/3 ;r (0.200 m) 3 q (9) 



q = 5000W/m 3 exp(-75K/T sa ) (10) 
Surface energy balance, insulation, Eqs. (5) and (6), 

q r - 5 w/m 2 • K A s (T s 2 - 298 K) - 0.9A S 5.67 x 10" 8 w/ m 2 K 4 (t 4 2 - (308 K) 4 j = 0 (11) 

A s = 4;r (0.208 m) 2 (12) 
Solving these equations simultaneously, find that 

T sl =94.3°C T s2 =52.5°C < 

That is, the reactor will be operating at T Q - T Sj] = 94.3°C, very close to the desired 95°C operating 
condition. 

(e) Using the above system of equations, Eqs. (8)-(12), we have explored the effects of changes in the 
convection coefficient, h, and the insulation thermal conductivity, k, as a function of insulation 
thickness, t = r 2 - ri. 

Continued... 
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PROBLEM 2.43 (Cont.) 




In the T s 2 vs. (r 2 - r{) plot, note that decreasing the thermal conductivity from 0.05 to 0.01 W/m-K 
slightly increases T s 2 while increasing the convection coefficient from 5 to 15 W/m 2 -K markedly 
decreases T s>2 . Insulation thickness only has a minor effect on T Sj2 for either option. In the T 0 vs. (r 2 - 
rO plot, note that, for all the options, the effect of increased insulation is to increase the reaction 
temperature. With k = 0.01 W/m-K, the reaction temperature increases beyond 95°C with less than 2 
mm insulation. For the case with h = 15 W/m 2 -K, the reaction temperature begins to approach 95°C 
with insulation thickness around 10 mm. We conclude that by selecting the proper insulation 
thickness and controlling the convection coefficient, the reaction could be operated around 95°C such 
that the outer surface temperature would not exceed 45 °C. 
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PROBLEM 2.44 

KNOWN: One-dimensional system, initially at a uniform temperature T[, is suddenly 
exposed to a uniform heat flux at one boundary, while the other boundary is insulated. 

FIND: (a) Proper form of heat equation and boundary and initial conditions, (b) Temperature 
distributions for following conditions: initial condition (t < 0), and several times after heater 
is energized; will a steady-state condition be reached; (c) Heat flux at x = 0, L/2, L as a 
function of time; (d) Expression for uniform temperature, Tf, reached after heater has been 
switched off following an elapsed time, t e , with the heater on. 

SCHEMATIC: 



'1-oJ 



i^^^^^^^^^y^ns utati on 

5 ^ System, -mass M, Cp 



'Electrical header, area A< 



ASSUMPTIONS: (1) One-dimensional conduction, (2) No internal heat generation, (3) 
Constant properties. 

ANALYSIS: (a) The appropriate form of the heat equation follows from Eq. 2.19. Also, the 
appropriate boundary and initial conditions are: 



d 2 T 

x 2 
on 



1 dT 

a d\. 



Initial condition: 
Boundary conditions: 



T ( x,0) = Tj Uniform temperature 

x = 0 qg=-k<?T/<?x) 0 
x = L ^T/^x) L =0 



(b) The temperature distributions are as follows: 




■^^^ Si Ope at this boundary is a/ways zero. 

t \ T(x,t) 

Slope at this boundary 
is a/ways constant : 



T; = 7>,0) 



No steady-state condition will be reached since E in = E st and E in is constant. 
(c)The heat flux as a function of time for positions x = 0, L/2 and L is as follows: 



9'M 



O 
O 



-9x(L t t) 



(d) If the heater is energized until t = L. and then switched off, the system will eventually 
reach a uniform temperature, Tf. Perform an energy balance on the system, Eq. 1.1 lb, for 
an interval of time At = t e , 



^in — E 



It follows that 



st 



Ein = Qin = qo A s dt = q£ A s t e E st = Mc (T f - Ti) 



q^A s t e =Mc(T f -Ti) or T f = Tj + 



Mc 
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PROBLEM 2.45 



KNOWN: Plate of thickness 2L, initially at a uniform temperature of Ti = 200°C, is suddenly 

2 

quenched in a liquid bath of Too = 20°C with a convection coefficient of 100 W/m -K. 

FIND: (a) On T-x coordinates, sketch the temperature distributions for the initial condition (t < 0), the 
steady-state condition (t — > go), and two intermediate times; (b) On - 1 coordinates, sketch the 
variation with time of the heat flux at x = L, (c) Determine the heat flux at x = L and for t = 0; what is 

the temperature gradient for this condition; (d) By performing an energy balance on the plate, 

2 

determine the amount of energy per unit surface area of the plate (J/m ) that is transferred to the bath 
over the time required to reach steady-state conditions; and (e) Determine the energy transferred to the 
bath during the quenching process using the exponential-decay relation for the surface heat flux. 

SCHEMATIC: 



Quenching heat flux 

q" = Aexp(-Bt) 

A= 1. 80x1 0 4 W/m 2 
B = 4.126x10-3 S" 1 



Liquid bath, 

Too = 20°C 

h = 100 W/m 2 -K 



it 




T(x,t), T(x,0) = T = 200°C 
p = 2770 kg/m3 
c p = 875 J/kg-K 
k = 50 W/m-K 




- L 



L>X 



+L = 10 mm 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, and (3) No internal heat 
generation. 

ANALYSIS: (a) The temperature distributions are shown in the sketch below. 



T(x,t) 



(a) 



Initial, T(x,0) 





Area represents 
energy transferred 
during quench 



(b,c,d) 



(b) The heat flux at the surface x = L, (L, t), is initially a maximum value, and decreases with 
increasing time as shown in the sketch above. 

(c) The heat flux at the surface x = L at time t = 0, q^ (L,0), is equal to the convection heat flux with 
the surface temperature as T(L,0) = T;. 

qx (L,0) = qc 0n v ( t = 0) = h (Tj - T^ ) = 100 W / m 2 • K ( 200 - 20) °C = 1 8.0kW / m 2 < 

From a surface energy balance as shown in the sketch considering the conduction and convection 
fluxes at the surface, the temperature gradient can be calculated. 

Continued 
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PROBLEM 2.45 (Cont.) 



^in E out - 0 



qx( L >°)-qconv(t=o) = o 



with qx(L,0) = -k 



5T 

3x 



x=L 



3x 



= -qconv( t = 0 ) /k = - 18xlo3w/m2/50W/m - K = - 360K/m 



qx(L,0) 



T(L,0) = Ti 
-> qconv(t=0) 



(d) The energy transferred from the plate to the bath over the time required to reach steady-state 
conditions can be determined from an energy balance on a time interval basis, Eq. 1.11b. For the 

initial state, the plate has a uniform temperature Tj; for the final state, the plate is at the temperature of 
the bath, Too. 



Ein E out — AE st — Ef Ej 
-E O ut=PC p (2L)[T 00 -T i ] 



with 



E" = 0 



E out = " 277 ° kg / m 3 x 875 J / kg • K ( 2 x 0.0 1 0 m) [ 20 - 200] K = +8 .73 x 1 0 6 J / m 2 < 

(e) The energy transfer from the plate to the bath during the quenching process can be evaluated from 
knowledge of the surface heat flux as a function of time. The area under the curve in the (L, t) vs. 
time plot (see schematic above) represents the energy transferred during the quench process. 



Eout =2]^ qx(L,t)dt = 2j t=() Ae 



-Bt 



dt 



E 0 ut _ 2A 



B 



= 2A 



B 



(0-1) 



= 2A/B 



E 0 ut =2xl.80xl0 4 W/m 2 /4.126xl0 _3 s _1 =8.73xl0 6 J/m 2 < 

COMMENTS: (1) Can you identify and explain the important features in the temperature 
distributions of part (a)? 

(2) The maximum heat flux from the plate occurs at the instant the quench process begins and is equal 
to the convection heat flux. At this instant, the gradient in the plate at the surface is a maximum. If 
the gradient is too large, excessive thermal stresses could be induced and cracking could occur. 

(3) In this thermodynamic analysis, we were able to determine the energy transferred during the 
quenching process. We cannot determine the rate at which cooling of the plate occurs without solving 
the heat diffusion equation. 
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PROBLEM 2.46 

KNOWN: Plane wall, initially at a uniform temperature, is suddenly exposed to convective heating. 

FIND: (a) Differential equation and initial and boundary conditions which may be used to find the 
temperature distribution, T(x,t); (b) Sketch T(x,t) for these conditions: initial (t < 0), steady-state, t - 

Qo, and two intermediate times; (c) Sketch heat fluxes as a function of time for surface locations; (d) 

3 

Expression for total energy transferred to wall per unit volume (J/m ). 
SCHEMATIC: 



7?x,q>= Ti 



Insulation-?} 




ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal heat 
generation. 

ANALYSIS: (a) For one-dimensional conduction with constant properties, the heat equation has the 
form, 



_ 1 dl 

dx 2 ~ oc d\ 



and the 

conditions are: 



Initial, t < 0 : T (x,0) = Tj uniform 
Boundaries: x=0 d Tld x)q = 0 adiabatic 

x=L ~kd Tld x)l = h[T(L,t)-T 00 ] convection 



(b) The temperature distributions are shown on the sketch. 



T(x t t) 




^Steady-state, 
T(x,oo) 



\-+-Zr>,'fia/,7(x t O) 



Note that the gradient at x = 0 is always zero, since this boundary is adiabatic. Note also that the 
gradient at x = L decreases with time. 

(c) The heat flux, (x,t) , as a function of time, is shown on the sketch for the surfaces x = 0 and x 
= L. 



Continued 
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PROBLEM 2.46 (Cont.) 



■KM 




For the surface at x = 0, (0, t) = 0 since it is adiabatic. At x = L and t = 0, (L,0) is a 
maximum (in magnitude) 

|q , ;(L,0)| = h|T(L,0)-T oo | 

where T(L,0) = TV The temperature difference, and hence the flux, decreases with time, 
(d) The total energy transferred to the wall may be expressed as 



"in 



= L QconvAs^t 



E in =hA s j 00 (T 00 -T(L,t))dt 



Dividing both sides by A S L, the energy transferred per unit volume is 



E m h r 00 



^J 0 [T„-T(L,,)> 



J/rrr 



COMMENTS: Note that the heat flux at x = L is into the wall and is hence in the negative x 
direction. 
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PROBLEM 2.47 



KNOWN: Plane wall, initially at a uniform temperature Tj, is suddenly exposed to convection with a 
fluid at Too at one surface, while the other surface is exposed to a constant heat flux . 

FIND: (a) Temperature distributions, T(x,t), for initial, steady-state and two intermediate times, (b) 
Corresponding heat fluxes on q'^ — x coordinates, (c) Heat flux at locations x = 0 and x = L as a 

function of time, (d) Expression for the steady-state temperature of the heater, T(0,qo), in terms of 
q^, T^, k, handL. 

SCHEMATIC: 



Heater, H 0 
Insulation 




Coolant 

'00)" 



ASSUMPTIONS: (1) One-dimensional conduction, (2) No heat generation, (3) Constant properties. 
ANALYSIS: (a) For Tj < T^, the temperature distributions are 




^4— 7?x,0)=77 



Note the constant gradient at x = 0 since q^ (O) = q G . 



(b) The heat flux distribution, q^ (x,t), is determined from knowledge of the temperature gradients, 
evident from Part (a), and Fourier's law. 



o 
O 




o - 




(c) On q^ ( x >t) — t coordinates, the heat fluxes at the boundaries are shown above. 

(d) Perform a surface energy balance at x = L and an energy balance on the wall: 

qcond =q C onv =h[T(L,co)-T 00 ] (1), q C ond=qo-( 2 ) 
For the wall, under steady-state conditions, Fourier's law gives 

_ k dT_ k T(0,co)-T(L,oo) 
° dx L 
Combine Eqs. (1), (2), (3) to find: 



(3) 




conv 



T(0,«)) = T oo + 



l/h + L/k' 
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PROBLEM 2.48 



KNOWN: Plane wall, initially at a uniform temperature T G , has one surface (x = L) suddenly 

exposed to a convection process (T^ > T Q ,h), while the other surface (x = 0) is maintained at T G . Also, 
wall experiences uniform volumetric heating q such that the maximum steady-state temperature will 

exceed T^. 

FIND: (a) Sketch temperature distribution (T vs. x) for following conditions: initial (t < 0), steady- 
state (t — > oo), and two intermediate times; also show distribution when there is no heat flow at the x = 
L boundary, (b) Sketch the heat flux (q'^ vs. t) at the boundaries x = 0 and L. 



SCHEMATIC: 




1 1 fa.* 



I 

L 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform volumetric 
generation, (4) T 0 < and q large enough that T(x,oo) > for some x. 

ANALYSIS: (a) The initial and boundary conditions for the wall can be written as 

Initial (t <0): T(x,0) = T G Uniform temperature 

Boundary: x = 0 T(0,t) = T 0 Constant temperature 



x = L -k- 



d x L_ 



V X =L 



= h[T(L,t)-T 00 ] 



Convection process. 



The temperature distributions are shown on the T-x coordinates below. Note the special condition 
when the heat flux at (x = L) is zero. 

(b) The heat flux as a function of time at the boundaries, q'^ (0, t) and q'^ (L,t) , can be inferred 
from the temperature distributions using Fourier's law. 




T(x,a>) 

q x (L,0) = 
hCTo-TJ 



+ A 



T(x,0) 



-V 




COMMENTS: Since T(x,oo) > for some x and > T 0 , heat transfer at both boundaries must be 
out of the wall at steady state. From an overall energy balance at steady state, 
+qx(L,oo)-q^.(0,oo) = qL. 
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PROBLEM 2.49 



KNOWN: Plane wall, initially at a uniform temperature T Q , has one surface (x = L) suddenly exposed 

to a convection process (Too < T Q , h), while the other surface (x = 0) is maintained at T Q . Also, wall 
experiences uniform volumetric heating q such that the maximum steady-state temperature will 

exceed T^,. 

FIND: (a) Sketch temperature distribution (T vs. x) for following conditions: initial (t < 0), steady- 
state (t — > co), and two intermediate times; identify key features of the distributions, (b) Sketch the heat 
flux (q^ vs. t) at the boundaries x = 0 and L; identify key features of the distributions. 



SCHEMATIC: 



q(t>0) 




T(0,t) = T 0 

L->x L = 0.1m 

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform volumetric 
generation, (4) < T D and q large enough that T(x,qo) > T 0 . 

ANALYSIS: (a) The initial and boundary conditions for the wall can be written as 



Initial (t <0): 
Boundary: 



x = L 



T(x,0) = T o 

x = 0 T(0,t) = T o 



d x 



= h[T(L,t)-T 00 ] 



Uniform temperature 
Constant temperature 

Convection process. 



The temperature distributions are shown on the T-x coordinates below. Note that the maximum 
temperature occurs under steady-state conditions not at the midplane, but to the right toward the 
surface experiencing convection. The temperature gradients at x = L increase for t > 0 since the 
convection heat rate from the surface increases as the surface temperature increases. 

(b) The heat flux as a function of time at the boundaries, q'^ (0, t) and q'x (L,t) , can be inferred 

from the temperature distributions using Fourier's law. At the surface x = L, the convection heat flux 
at t = 0 is q'^ (L,0) = h(T Q -T ro ). Because the surface temperature dips slightly at early times, the 

convection heat flux decreases slightly, and then increases until the steady-state condition is reached. 
For the steady-state condition, heat transfer at both boundaries must be out of the wall. It follows from 
an overall energy balance on the wall that +q" x (0, oo) - q'^ (L, co) + qL = 0. 



T(x,t) 



T 0 
T m 




Steady-state 

T(X,oo) 



Initial, T(x,0) 



q'x(x-t) 



q;(L,0) = h[T(L,0)-T oo ] q;(Lt) 

qL 



q'x(O.t) 
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PROBLEM 2.50 



KNOWN: Size and thermal conductivities of a spherical particle encased by a spherical shell. 

FIND: (a) Relationship between dT/dr and r for 0 < r < ri, (b) Relationship between dT/dr and r 
for ri < r < r 2 , (c) Sketch of T(r) over the range 0 < r < r 2 . 



SCHEMATIC: 



Chemical reaction 

q 




Control volume B 



Control volume A 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional heat 
transfer. 

ANALYSIS: 

(a) The conservation of energy principle, applied to control volume A, results in 



E m + E g E out - E st 



(1) 



4 , 

where E g = qV = q— jir 



(2) 



since E st = 0 



E in -E out =q;A = -(-k 1 ^)(47rr 2 ) 

dr 



(3) 



Substituting Eqs. (2) and (3) in Eq. (1) yields 



or 



q-jrr 3 + kj — (4jrr 2 ) = 0 
3 dr 



dT _ q r 
dr" ~~3"k7 



< 

Continued.. 
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PROBLEM 2.50 (Cont.) 



(b) For r > r 1? the radial heat rate is constant and is 



^ ■ 4 3 

E g =q r =qVj =q-Jtr x 



(4) 



dT 

E in -E out =q;'A = -(-k 2 — )47rr 

dr 



(5) 



Substituting Eqs. (4) and (5) into Eq. (1) yields 



, dT A 2 -4 3 
k 2 — 4nr +q— Tirj 
dr 3 



or 



dT 

dr" 



q r i 



3k 9 r 2 



(c) The temperature distribution on T-r coordinates is 



T(r) forr1/r2 = 0.5 



CO 




sphere 
shell 



COMMENTS: (1) Note the non-linear temperature distributions in both the particle and the 
shell. (2) The temperature gradient at r = 0 is zero. (3) The discontinuous slope of T(r) at ri/r 2 = 
0.5 is a result of k! = 2k 2 . 
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PROBLEM 2.51 



KNOWN: Temperature distribution in a plane wall of thickness L experiencing uniform volumetric 
heating q having one surface (x = 0) insulated and the other exposed to a convection process 

characterized by and h. Suddenly the volumetric heat generation is deactivated while convection 
continues to occur. 

FIND: (a) Determine the magnitude of the volumetric energy generation rate associated with the 
initial condition, (b) On T-x coordinates, sketch the temperature distributions for the initial condition 
(T < 0), the steady-state condition (t — > oo), and two intermediate times; (c) On - 1 coordinates, 
sketch the variation with time of the heat flux at the boundary exposed to the convection process, 

q^ (L, t); calculate the corresponding value of the heat flux at t = 0; and (d) Determine the amount of 

2 

energy removed from the wall per unit area (J/m ) by the fluid stream as the wall cools from its initial 
to steady-state condition. 

SCHEMATIC: 



Insulated v /// 

"1 




T(x,0) = a + bx 2 x(m) p = 7000 kg/m3 

a = 300°C b = -1.0x10 4o C/m2 c p = 450J/kg-K 
q * 0 for t < 0; q = 0 for t > 0 k = 90 W/m-K 



L = 0.1m 



Tco=20°C 
h = 1000 W/m 2 -K 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, and (3) Uniform internal 
volumetric heat generation for t < 0. 

ANALYSIS: (a) The volumetric heating rate can be determined by substituting the temperature 
distribution for the initial condition into the appropriate form of the heat diffusion equation. 



dx ^ dx , 



where 



T(x,0) = a + bx : 



— (0 + 2bx) + -5- = 0 = 2b + -5- = 0 
dx v ; k k 



q = -2kb = -2x90W/m-K|-1.0xl0 4o C/m 2 j = 1.8xl0 6 W/m 3 
(b) The temperature distributions are shown in the sketch below. 



Initial 

T(x,0) = a + bx 2 




q'x(Ut) 



q;(L,0) = h[T(L,0)-T oo ] 



Continued 
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PROBLEM 2.51 (Cont.) 



(c) The heat flux at the exposed surface x = L, (L, 0), is initially a maximum value and decreases 

with increasing time as shown in the sketch above. The heat flux at t = 0 is equal to the convection 
heat flux with the surface temperature T(L,0). See the surface energy balance represented in the 
schematic. 

(L,0) = qc 0nv (t = 0) = h(T(L,0)-T oo ) = 1000W/m 2 -K(200-20)°C = 1.80xl0 5 W/m 2 < 
where T(L,0) = a + bL 2 = 300°C -1.0xl0 4o C/m 2 (0.1m) 2 = 200°C. 



qx(UO) 



T(L,0) = a + bx 2 
-> q'conv(t=0) 

T m ,h 



(d) The energy removed from the wall to the fluid as it cools from its initial to steady-state condition 

can be determined from an energy balance on a time interval basis, Eq. 1.11b. For the initial state, the 

2 

wall has the temperature distribution T(x,0) = a + bx ; for the final state, the wall is at the temperature 
of the fluid, Tf = Toe,. We have used T^ as the reference condition for the energy terms. 

with 



E" 



E out - AE st 



Ef -Ef 

E out =P c p\*2o [ T ( x '0)- T oo]dx 



E" =0 



E out =P C p\ x 



x=L 



7 

a + bx -Tqo dx = /?Cp 



ax + bx /3-TqqX 



E' out = 7000kg/nr 5 x450J/kg-K 



E" out =7.77xl0 7 J/m 2 



300x0.l-l.0xl0 4 (0.1) /3-20x0.1 



Km 



COMMENTS: (1) In the temperature distributions of part (a), note these features: initial condition 
has quadratic form with zero gradient at the adiabatic boundary; for the steady-state condition, the wall 
has reached the temperature of the fluid; for all distributions, the gradient at the adiabatic boundary is 
zero; and, the gradient at the exposed boundary decreases with increasing time. 

(2) In this thermodynamic analysis, we were able to determine the energy transferred during the 
cooling process. However, we cannot determine the rate at which cooling of the wall occurs without 
solving the heat diffusion equation. 
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PROBLEM 2.52 



KNOWN: Temperature as a function of position and time in a plane wall suddenly subjected to a 
change in surface temperature, while the other surface is insulated. 

FIND: (a) Validate the temperature distribution, (b) Heat fluxes at x = 0 and x = L, (c) Sketch of 
temperature distribution at selected times and surface heat flux variation with time, (d) Effect of 
thermal diffusivity on system response. 

SCHEMATIC: 

-ot t T(x t o)^-q 
Y-T(ij)=T s 




'I 's 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Constant properties. 

ANALYSIS: (a) To be valid, the temperature distribution must satisfy the appropriate forms of the 
heat equation and boundary conditions. Substituting the distribution into Equation 2.19, it follows that 



d L T 1 d T 



2 a dt 



-C 1 (T i -T s )exp 



r 2 ^ 
n at 



4 L 2 



n 



2L 



T f 

cos 



71 X 

2~L 



( V 2 

7T 


a 




( 


7^_ 


at 




^x^ 






exp 








cos 




V 


L 2 




4 


L 2 




v 2L y 



Hence, the heat equation is satisfied. Applying boundary conditions at x = 0 and x = L, it follows that 
d T 



and 



^x lx = 0= -lf (T '- Ts)eXP 



T(L.t) = T s +C 1 (T i -T s )exp 



Hence, the boundary conditions are also satisfied, 
(b) The heat flux has the form 



f TT 1 

n 


at 




f n x^ 






sin 




T 

V 


L 2 




v2L y 



lx=0=0 



f TT 1 

n 


at 










cos 




T 

V 


L 2 




v 2L y 



l x=L = T s 



k — - = + (t- -T s )exp 
^x 2L V 1 s) 



( ^ 

n 


at 




^x^ 






sin 




V 






v 2L y 



Continued 
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PROBLEM 2.52 (Cont.) 



Hence, 



q"x(o)=o, 



qx(L) = +^(T 1 -T s )exp 



f 2 ^ 
n at 



4 t 2 



(c) The temperature distribution and surface heat flux variations are: 



T 




x L 



(d) For materials A and B of different a, 



[ T M- T s] 



A 



[ T M- T s] 



exp 



B 



n 



41/ 



-(a A -«g)t 



Hence, if ap^ > ag , T (x,t) — > T s more rapidly for Material A. If ctp^ < <2g , T (x,t) — > T s more 

rapidly for Material B. < 

COMMENTS: Note that the prescribed function for T(x,t) does not reduce to Tj for t -> 0. For 

times at or close to zero, the function is not a valid solution of the problem. At such times, the 
solution for T(x,t) must include additional terms. The solution is considered in Section 5.5.1 of the 
text. 
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PROBLEM 2.53 



KNOWN: Thin electrical heater dissipating 4000 W/m sandwiched between two 25-mm thick plates 
whose surfaces experience convection. 

FIND: (a) On T-x coordinates, sketch the steady-state temperature distribution for -L < x < +L; 
calculate values for the surfaces x = L and the mid-point, x = 0; label this distribution as Case 1 and 
explain key features; (b) Case 2: sudden loss of coolant causing existence of adiabatic condition on 
the x = +L surface; sketch temperature distribution on same T-x coordinates as part (a) and calculate 
values for x = 0, ± L; explain key features; (c) Case 3: further loss of coolant and existence of 
adiabatic condition on the x = - L surface; situation goes undetected for 15 minutes at which time 
power to the heater is deactivated; determine the eventual (t — > oo) uniform, steady-state temperature 
distribution; sketch temperature distribution on same T-x coordinates as parts (a,b); and (d) On T-t 
coordinates, sketch the temperature-time history at the plate locations x = 0, ± L during the transient 
period between the steady-state distributions for Case 2 and Case 3; at what location and when will the 
temperature in the system achieve a maximum value? 

SCHEMATIC: 



Too = 20°C 

h = 400 W/m 2 -K 



Fluid 



tt 



Electric heater 
q" = 4000 W/m 2 



Plates 



tt 



T m ,h 



p = 2500 kg/m3 
c p = 700 J/kg-K 
k = 5 W/m-K 



+L = 25 mm 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal 
volumetric generation in plates, and (3) Negligible thermal resistance between the heater surfaces and 
the plates. 

ANALYSIS: (a) Since the system is symmetrical, the heater power results in equal conduction fluxes 
through the plates. By applying a surface energy balance on the surface x = +L as shown in the 
schematic, determine the temperatures at the mid-point, x = 0, and the exposed surface, x + L. 

>I< T(+L) 
I Clconv 
i ► 



qx( + L) 



Ein E out — 0 



qx(+L)-qconv=0 where q^(+L) = q^/2 

q o /2-h[T(+L)-T oo ] = 0 

Ti (+L) = q" Q / 2h + ^ = 4000 W / m 2 / ( 2 x 400 W / m 2 • K J + 20°C = 25°C < 

From Fourier's law for the conduction flux through the plate, find T(0). 
q^=q o /2 = k[T(0)-T(+L)]/L 

T 1 (0) = T 1 (+L) + q;L/2k = 25°C + 4000W/m 2 -Kx0.025m/(2x5W/m-K) = 35°C < 

The temperature distribution is shown on the T-x coordinates below and labeled Case 1 . The key 
features of the distribution are its symmetry about the heater plane and its linear dependence with 
distance. 

Continued 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 2.53 (Cont.) 




Case 3, T 3 (x) 
Case 2, T 2 (x) 



Case 1, T-i(x) 
T^O) = 35°C 



(b) Case 2: sudden loss of coolant with the existence of an adiabatic condition on surface x = +L. For 
this situation, all the heater power will be conducted to the coolant through the left-hand plate. From a 
surface energy balance and application of Fourier's law as done for part (a), find 

T 2 (-L) = q o /h + T 00 = 4000W7m 2 /400W7m 2 -K + 20 o C = 30°C < 

T 2 (0) = T 2 (-L) + qoL / k = 30°C + 4000 W / m 2 x 0.025 m / 5 W / m • K = 50°C < 

The temperature distribution is shown on the T-x coordinates above and labeled Case 2. The 
distribution is linear in the left-hand plate, with the maximum value at the mid-point. Since no heat 
flows through the right-hand plate, the gradient must zero and this plate is at the maximum 
temperature as well. The maximum temperature is higher than for Case 1 because the heat flux 
through the left-hand plate has increased two-fold. 

(c) Case 3: sudden loss of coolant occurs at the x = -L surface also. For this situation, there is no heat 

2 

transfer out of either plate, so that for a 15-minute period, At 0 , the heater dissipates 4000 W/m and 
then is deactivated. To determine the eventual, uniform steady-state temperature distribution, apply 
the conservation of energy requirement on a time-interval basis, Eq. 1.11b. The initial condition 
corresponds to the temperature distribution of Case 2, and the final condition will be a uniform, 

elevated temperature Tf = T3 representing Case 3. We have used T^ as the reference condition for the 
energy terms. 

El -El 



E" 



P" -4-F" 

^out " r ^gen 



AE^ t 



Note that E[ n 



out = 0 , and the dissipated electrical energy is 

E gen =q 0 At 0 =4000W/m 2 (l5x60)s = 3.600xl0 6 J/m 2 
For the final condition, 

Ef = pc(2L)[T f -T oo ] = 2500kg/m 3 x700J/kg-K(2x0.025m)[T f -20]°C 



Ef 



8.75 xlO 4 [T f -20]j/m z 



where Tf = T3, the final uniform temperature, Case 3. For the initial condition, 

E i = >° C l-L [ T 2( x )" T oo] dx = / 7C {l° L [ T 2( x )- T oo]dx + J 0 +L [T 2 (0)-T^]dx 
where T 2 (x) is linear for -L < x < 0 and constant at T 2 (0) for 0 < x < +L. 

T 2 (x) = T 2 (0) + [T2(0)-T 2 (L)]x/L -L<x<0 

T 2 ( x) = 50°C + [50 - 30] °Cx / 0.025m 

T 2 (x) = 50°C + 800x 
Substituting for T 2 (x), Eq. (5), into Eq. (4) 

Continued 



(1) 



(2) 



(3) 



(4) 



(5) 
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PROBLEM 2.53 (Cont.) 

E i' = >° c {l 0 L [ 50 + 800x - T °o] dx + [ T 2( 0 )- T oo]L 




" Tqo^ 



-[T 2 (0)-Too]L 



■50L + 400l/+T m L 



-[^(oJ-t^JlJ 

Ef = p cL {+50 - 400L - + T 2 (0) - } 

E- = 2500kg / m 3 x 700 J / kg • K x 0.025 m {+50 - 400 x 0.025 - 20 + 50 - 20} K 



2.188xl0 6 J/m 2 



(6) 



Returning to the energy balance, Eq. (1), and substituting Eqs. (2), (3) and (6), find Tf = T3. 
3.600 x 10 6 J / m 2 = 8.75 x 10 4 [T 3 - 20] - 2. 1 88 x 10 6 J / m 2 

T 3 =(66.1 + 20)°C = 86.1°C < 

The temperature distribution is shown on the T-x coordinates above and labeled Case 3. The 
distribution is uniform, and considerably higher than the maximum value for Case 2. 

(d) The temperature-time history at the plate locations x = 0, ± L during the transient period between 
the distributions for Case 2 and Case 3 are shown on the T-t coordinates below. 



T(x,t) 



T 3 - 



T 2 (0) = T 2 (+L) 
T 2 (-L) 



V T(0,t)^^ 


t — - Maximum point 


~7^T(+L,t) 




' ^T(-L.t) 






^ 



0 

Case 2 



15 

Heater deactivated 



Time (min) 



Note the temperatures for the locations at time t = 0 corresponding to the instant when the surface 
x = - L becomes adiabatic. These temperatures correspond to the distribution for Case 2. The heater 
remains energized for yet another 15 minutes and then is deactivated. The midpoint temperature, 

T(0,t), is always the hottest location and the maximum value slightly exceeds the final temperature T3. 
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PROBLEM 2.54 

KNOWN: Radius and length of coiled wire in hair dryer. Electric power dissipation in the wire, and 
temperature and convection coefficient associated with air flow over the wire. 

FIND: (a) Form of heat equation and conditions governing transient, thermal behavior of wire during 
start-up, (b) Volumetric rate of thermal energy generation in the wire, (c) Sketch of temperature 
distribution at selected times during start-up, (d) Variation with time of heat flux at r = 0 and r = r G . 

SCHEMATIC: 



L = 0.5m 



i 



^gen 

q"(i"o) 

r 0 = 1 mm 



ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Constant properties, (3) Uniform 
volumetric heating, (4) Negligible radiation from surface of wire. 

ANALYSIS: (a) The general form of the heat equation for cylindrical coordinates is given by Eq. 
2.24. For one-dimensional, radial conduction and constant properties, the equation reduces to 



1 d 



3T 
r — 

v a- 



r Sr 

The initial condition is 



q _ Pc p 5T _ 1 3T 
k k ft fl3t 



T(r,0) = Ti 

The boundary conditions are: 3T/ <5r| r _Q = 0 
5T 



-k- 



8r 



= h[T(r 0 ,t)-T 00 ] 



< 

< 
< 

< 



(b) The volumetric rate of thermal energy generation is 



V 



elec 



500 W 



3.18x10 W/m 



(0.001m) 2 (0.5m) 

Under steady-state conditions, all of the thermal energy generated within the wire is transferred to the 
air by convection. Performing an energy balance for a control surface about the wire, -E out + E g = 0, 

it follows that -2^r 0 L q" (r Q , t ->• oo) + P elec = 0. Hence, 

Pelec 500 W 




2;r(0.001m)0.5m 
Steady-state, T(r,oo) 

Initial, T(r,0) 



1.59xl0 5 W/m 2 



q"(r 0 ,t) 




q"(ro,°°) 



q"(0,t) 



COMMENTS: The symmetry condition at r = 0 imposes the requirement that 5T/Sr| r 0 = 0, and 

hence q"(0, t) = 0 throughout the process. The temperature at r G , and hence the convection heat flux, 
increases steadily during the start-up, and since conduction to the surface must be balanced by 
convection from the surface at all times, |ST/Sr| _ also increases during the start-up. 
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PROBLEM 3.1 

KNOWN: One-dimensional, plane wall separating hot and cold fluids at T^j and T^, 2 > 
respectively. 

FIND: Temperature distribution, T(x), and heat flux, q^, in terms of j , T^, hj, h 2 , k 
and L. 

SCHEMATIC: 

I 



Hot fluid 



y // >| { Cold fluid 



9" 



CO/7V 



L 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant 
properties, (4) Negligible radiation, (5) No generation. 

ANALYSIS: For the foregoing conditions, the general solution to the heat diffusion equation 
is of the form, Equation 3.2, 

T(x) = C 1 x + C 2 . (1) 

The constants of integration, Ci and C2, are determined by using surface energy balance 
conditions at x = 0 and x = L, Equation 2.32, and as illustrated above, 



dT 
dt 



x=0 



= hi[T QO> i-T(0)] 



dT 

dx 



x=L 



= h 2 [T(L)-T 00i2 ]. 



(2,3) 



For the BC at x = 0, Equation (2), use Equation (1) to find 

-k (Q + 0) = h x [T^x - (Q • 0 + C 2 )] (4) 
and for the BC at x = L to find 

-k (Ci + 0) = h 2 [(CxL + C 2 ) - T^a ] • (5) 

Multiply Eq. (4) by h 2 and Eq. (5) by hx, and add the equations to obtain Cx- Then substitute 
Ci into Eq. (4) to obtain C 2 . The results are 



C 



( T oo,l _T oo,2) 



T(x) 



1 1 L 

— + — + — 
hx h 2 k 

( T oo,1-Tqo, 2 ) 



c 2 = 



( T oo,l-Too,2) 



hi 



1 1 L 

— + — + — 
hi h 2 k 



+ T 



CX),1 



1 1 L 

— + — + — 
hx h 2 k 



x 1 
— + — 
k hx 



+ T 



00,1- 



From Fourier's law, the heat flux is a constant and of the form 



dT 

dx" 



-k C x = + 



( t oo,1-Tqo,2) 



1 1 L 

— + — + — 
hi h 2 k 
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PROBLEM 3.2 



KNOWN: Temperatures and convection coefficients associated with air at the inner and outer surfaces 
of a rear window. 

FIND: (a) Inner and outer window surface temperatures, T s>i and T so , and (b) T s>i and T s>0 as a function of 
the outside air temperature T^o and for selected values of outer convection coefficient, h G . 



SCHEMATIC: 



W- 10 ° C 9 
ho = 65 W/m 2 ' K 



Glass 



7", 



s,o 



7". 



s,i 



•-^V\A^iVSAAAr-<WWVV— • 



's,o 



S, I 



^DO j 
J 1 



MK 



L/k 



1/h: 



L = 0.004m- 



£,,1 = 40 °C 

hj = 30 W/m 2 • K 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible radiation 
effects, (4) Constant properties. 

PROPERTIES: Table A-3, Glass (300 K): k = 1.4 W/m-K. 
ANALYSIS: (a) The heat flux may be obtained from Eqs. 3.1 1 and 3.12, 



T ■ -T 

A oo,l A oo,o 



40° C - 



-10°C 



1 



0.004 m 



1 



1 + L + 1 | | 

h o k h i 65w/m 2 -K 1-4 W/m-K 30w/m 2 -K 



q =• 



50° C 



= 969 W/m 



(0.0154 + 0.0029 + 0.0333) m 2 • K/W 
Hence, with q" = hj (t^, j - T^ 0 ) , the inner surface temperature is 

2 



T • = T • 

S,l oo,l 



= 40°C 



969W/m z 



= 7.7°C 



h i 30W/m 2 -K 



Similarly for the outer surface temperature with q" = h 0 ^T s 0 - T^ 0 ^ find 

2 



X 



s.o 



T +— : 

00,0 , 

h o 



-10"C + - 



969 W/ ni 



4.9°C 



eSW/m'-K 

(b) Using the same analysis, T s>i and T S(0 have been computed and plotted as a function of the outside air 
temperature, Too j0 , for outer convection coefficients of h Q = 2, 65, and 100 W/m 2 -K. As expected, T s ; and 
T s>0 are linear with changes in the outside air temperature. The difference between T Sji and T s o increases 
with increasing convection coefficient, since the heat flux through the window likewise increases. This 
difference is larger at lower outside air temperatures for the same reason. Note that with h D = 2 W/m 2 -K, 
T s ,i - T S(0 , is too small to show on the plot. 

Continued 
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PROBLEM 3.2 (Cont.) 



40 
30 




-30 -| 1 1 1 1 1 

-30 -25 -20 -15 -10 -5 0 

Outside air temperature, Tinfo (C) 



a Tsi; ho = 100 W/m"2.K 

A Tso; ho = 100 W/m"2.K 
—B— Tsi; ho = 65 W/m"2.K 

■ Tso; ho = 65W/m"2.K 
Tsi or Tso; ho = 2 W/m\K 

COMMENTS: (1) The largest resistance is that associated with convection at the inner surface. The 
values of T s i and T s o could be increased by increasing the value of hj. 

(2) The IHT Thermal Resistance Network Model was used to create a model of the window and generate 
the above plot. The Workspace is shown below. 

// Thermal Resistance Network Model: 

// The Network: 



q1 q2 q3 q4 

N. R21 X. R32 \, R43 X. 



// Heat rates into node j.qij, through thermal resistance Rij 
q21 = (T2-T1)/R21 
q32 = (T3 - T2) / R32 
q43 = (T4 - T3) / R43 



// Nodal energy balances 
q1 +q21 =0 
q2 - q21 + q32 = 0 
q3 - q32 + q43 = 0 
q4 - q43 = 0 



/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set qi = 0 for embedded nodal points 
at which there is no external source of heat. 7 



T1 = 


Tinfo 


// Outside air temperature, C 


//q1 




// Heat rate, W 


T2 = 


Tso 


// Outer surface temperature, C 


q2 = 


0 


// Heat rate, W; node 2, no external heat source 


T3 = 


Tsi 


// Inner surface temperature, C 


q3 = 


0 


// Heat rate, W; node 2, no external heat source 


T4 = 


Tinfi 


// Inside air temperature, C 


//q4 




// Heat rate, W 



// Thermal Resistances: 

R21 = 1 / ( ho * As ) // Convection thermal resistance, K/W; outer surface 

R32 = L / ( k * As ) // Conduction thermal resistance, K/W; glass 

R43 = 1 / ( hi * As ) // Convection thermal resistance, K/W; inner surface 

// Other Assigned Variables: 

Tinfo = -10 // Outside air temperature, C 

ho = 65 // Convection coefficient, W/m A 2.K; outer surface 

L = 0.004 // Thickness, m; glass 

k = 1 .4 // Thermal conductivity, W/m.K; glass 

Tinfi = 40 // Inside air temperature, C 

hi = 30 // Convection coefficient, W/m A 2.K; inner surface 

As = 1 // Cross-sectional area, m A 2; unit area 
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PROBLEM 3.3 

KNOWN: Desired inner surface temperature of rear window with prescribed inside and outside air 
conditions. 

FIND: (a) Heater power per unit area required to maintain the desired temperature, and (b) Compute and 
plot the electrical power requirement as a function of 0 for the range -30 < Tqq 0 < 0°C with h Q of 2, 

20, 65 and 100 W/m 2 -K. Comment on heater operation needs for low h 0 . If h ~ V n , where V is the 
vehicle speed and n is a positive exponent, how does the vehicle speed affect the need for heater 
operation? 



SCHEMATIC: 



T sJ = 15 °C- 



Film-type heater, q? 



T °°J 



I Inside air i 

= 25 °C 
65 W/m 2 • K 



L = 0.004 m 
-Window glass 



-10 °C, h 0 = 65W/m 2 -K 



'«,/' MMHhMM-^VWVV — • ► q 

MhjA | UkA Mh^ 

K 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Uniform heater 
flux, q^j , (4) Constant properties, (5) Negligible radiation effects, (6) Negligible film resistance. 

PROPERTIES: Table A-3, Glass (300 K): k = 1.4 W/m-K. 

ANALYSIS: (a) From an energy balance at the inner surface and the thermal circuit, it follows that for a 
unit surface area, 



1/hi 



00, o 



L/k + l/h r 



15"C- 



S.l 



-1(TC 



L/k + l/h r 



1/h 



0.004 m 



25"C-15"C 
1 



1.4W/m-K 
2 , n ^ n „ T / 2 



65 W/m -K 10 W/m K 



q£ =(1370-100) w/m Z =1270 w/m Z < 

(b) The heater electrical power requirement as a function of the exterior air temperature for different 
exterior convection coefficients is shown in the plot. When h Q = 2 W/m 2 -K, the heater is unecessary, 
since the glass is maintained at 15°C by the interior air. If h ~ V n , we conclude that, with higher vehicle 
speeds, the exterior convection will increase, requiring increased heat power to maintain the 15°C 
condition. 




Exterior air temperature, Tinfo (C) 



h = 20 W/m A 2.K 
h = 65 W/m A 2.K 
h = 100 W/m A 2.K 



COMMENTS: With = 0, the inner surface temperature with 0 = -10°C would be given by 

l/h ; 0.10 



T -T 

OO.l S,l 



Tooi-Toon l/h i+ L/k + l/h 0 0.118 



= 0.846, 



or 



T s i = 25° C - 0.846 35° C = - 4.6° C 
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PROBLEM 3.4 



KNOWN: Curing of a transparent film by radiant heating with substrate and film surface subjected to 
known thermal conditions. 

FIND: (a) Thermal circuit for this situation, (b) Radiant heat flux, q" 0 (W/m 2 ), to maintain bond at 
curing temperature, T 0 , (c) Compute and plot q£, as a function of the film thickness for 0 < L f < 1 mm, 
and (d) If the film is not transparent, determine q^ required to achieve bonding; plot results as a function 
of L f . 

SCHEMATIC: 

^=20 00 
— *• h = 50 W/m 2 • K 



L f = 0.25mm 



L s = 1.0 mm 




k f - 0.025 W/m«K 



Bond, T o = 60 °C 



k s = 0.05 W/m«K 



= 30 °C 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) All the radiant heat 
flux q^ is absorbed at the bond, (4) Negligible contact resistance. 



ANALYSIS: (a) The thermal circuit for 
this situation is shown at the right. Note 
that terms are written on a per unit area 
basis. 



q 2 <- 



I q ° 
Rf I Rs 



R cv 



-> q. 



T, 



'co 1 s 1 o M 
(b) Using this circuit and performing an energy balance on the film-substrate interface, 



q G =qi+q2 



where the thermal resistances are 



it _ Jo joo + ^] 
R cv +R f R s 



R^ v = l/h = l/50 w/m 2 • K = 0.020 m 2 • K/W 
Rf =L f /k f =0.00025m/0.025W/m-K = 0.010m 2 -K/W 
Rs =L s /k s = 0.001m/0.05 W/m- K = 0.020m 2 -K/W 
(60-20)°C (60-30)° C 



(1333 + 1500) W/m z =2833 W/m 



[0.020 + O.OIO] m • K/W 0.020m • K/W 

(c) For the transparent film, the radiant flux required to achieve bonding as a function of film thickness L f 
is shown in the plot below. 

(d) If the film is opaque (not transparent), the thermal circuit is shown below. In order to find q^, , it is 
necessary to write two energy balances, one around the T s node and the second about the T D node. 



R", 



cv 



q 2 



R" 



•^VVV-»-VWV*W^« 



The results of the analysis are plotted below. 



Continued... 
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PROBLEM 3.4 (Cont.) 



Film thickness, Lf (mm) 



— x — Opaque film 
Transparent film 

COMMENTS: (1) When the film is transparent, the radiant flux is absorbed on the bond. The flux 
required decreases with increasing film thickness. Physically, how do you explain this? Why is the 
relationship not linear? 

(2) When the film is opaque, the radiant flux is absorbed on the surface, and the flux required increases 
with increasing thickness of the film. Physically, how do you explain this? Why is the relationship 
linear? 

(3) The IHT Thermal Resistance Network Model was used to create a model of the film-substrate system 
and generate the above plot. The Workspace is shown below. 

// Thermal Resistance Network 
Model: 

// The Network: 




// Heat rates into node 
q21 = (T2-T1)/R21 
q32 = (T3 - T2) / R32 
q43 = (T4 - T3) / R43 



,qij, through thermal resistance Rij 



// Nodal energy balances 
q1 + q21 = 0 
q2 - q21 + q32 = 0 
q3 - q32 + q43 = 0 
q4 - q43 = 0 

/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set qi : 

at which there is no external source of heat. 7 

T1 = Tint // Ambient air temperature, C 

//q1 = // Heat rate, W; film side 

T2 = Ts // Film surface temperature, C 

q2 = 0 // Radiant flux, W/m A 2; zero for part (a) 

T3 = To // Bond temperature, C 

q3 = qo // Radiant flux, W/m A 2; part (a) 

T4 = Tsub // Substrate temperature, C 

//q4 = // Heat rate, W; substrate side 



0 for embedded nodal points 



// Thermal Resistances: 

R21 = 1 / ( h * As ) // Convection resistance, K/W 

R32 = Lf / (kf * As) // Conduction resistance, K/W; film 

R43 = Ls / (ks * As)// Conduction resistance, K/W; substrate 

// Other Assigned Variables: 

Tinf = 20 // Ambient air temperature, C 

h = 50 // Convection coefficient, W/m A 2.K 

Lf = 0.00025 // Thickness, m; film 

kf = 0.025 // Thermal conductivity, W/m.K; film 

To = 60 // Cure temperature, C 

Ls = 0.001 // Thickness, m; substrate 

ks = 0.05 // Thermal conductivity, W/m.K; substrate 

Tsub = 30// Substrate temperature, C 

As = 1 // Cross-sectional area, m A 2; unit area 
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PROBLEM 3.5 



KNOWN: Thicknesses and thermal conductivities of refrigerator wall materials. Inner and outer air 
temperatures and convection coefficients. 

FIND: Heat gain per surface area. 

SCHEMATIC: 




L = 0.050 m — K- 



'oo,i H ° 
hi = 5 W/m 2 



K ft 



Insulation 

ki = 0.046 W/m-K 



<- L p = 0.003 m 



ft 



Vo = 25°C 
h 0 = 5 W/m 2 -K 

Panel (2) 

k p = 60 W/m-K 



q" 1/hj L p /k p Li/kj Lp/kp i/h 0 



ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) Negligible 
contact resistance, (4) Negligible radiation, (5) Constant properties. 

ANALYSIS: From the thermal circuit, the heat gain per unit surface area is 

T -T ■ 

„ _ X 00,O 1 0O,l 

q ~(l/h i ) + (L p /k p ) + (L i /k i ) + (L p /k p ) + (l/h 0 ) 

q r = (25-4)°C 

2(l/5 W/m 2 • k) + 2 (0.003m/ 60 W/m-K) + (0.050m /0.046 W/m-K) 



q = 



21°C 



(0.4 + 0.0001 + 1 .087) m 2 • K / W 



■ = 14.1 W/m' 



COMMENTS: Although the contribution of the panels to the total thermal resistance is negligible, 
that due to convection is not inconsequential and is comparable to the thermal resistance of the 
insulation. 
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PROBLEM 3.6 



KNOWN: Design and operating conditions of a heat flux gage. 

FIND: (a) Convection coefficient for water flow (T s = 27°C) and error associated with neglecting 
conduction in the insulation, (b) Convection coefficient for air flow (T s = 125°C) and error associated 
with neglecting conduction and radiation, (c) Effect of convection coefficient on error associated with 
neglecting conduction for T s = 27°C. 

SCHEMATIC: 



/Air or \ ^ 

V^LJ » Vconv V'rad r Foil (P^, ec = 2000 W/m 2 ) 

h, T„= 25 °C _ ' \ / j— j T s = 27 °C (Water) 

X^^m^-^m^X p etec £ = 0.15 Q . 

m mzzx&l i condm$$$m surround.™ 

L - I U mm -i-v , . . , 1 -1 ■> -i -Viia Jn-siilatinn 'stir ~ « ^ 



1 



Insulation 'st/r' 



^■teVi-^WvfriVivW&fyfivWfpii = 0.040 W/m-K) 



T b = 25 °C 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant k. 

ANALYSIS: (a) The electric power dissipation is balanced by convection to the water and conduction 
through the insulation. An energy balance applied to a control surface about the foil therefore yields 

P elec = qconv + q C ond = h ( T s " T oo ) + k (T s - T b )/L 

Hence, 

p elec "k(T s -T b )/L _ 2000 w/m 2 -0.04W/m- K(2K)/o.01m 



h = 



Ts-T^ 2K 
2 



(2000-8)W/m z / 2 ^ 

h = ^ = 996W/m -K < 

2K 

If conduction is neglected, a value of h = 1000 W/m 2 -K is obtained, with an attendant error of (1000 - 
996)/996 = 0.40% 

(b) In air, energy may also be transferred from the foil surface by radiation, and the energy balance yields 
P elec = qconv + q?ad + q C ond = h ( T s " T oo ) + ea (t s 4 - T s 4 ur ) + k (T s - T b ) /L 

Hence, 

P elec - s ° ( T s 4 - T sur ) " k (T s - ^ )^L 



h = 



T -T 

A S 00 



2000 w/ m 2 - 0.15 x 5.67 x 10 8 w/m 2 • K 4 ^398 4 - 298 4 j K 4 - 0.04 W/m • K (100 K) /0.01 m 



100 K 

(2000 -146 -400) w/m 2 / 2 



14.5W/m -K < 
100 K 

Continued. 
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PROBLEM 3.6 (Cont.) 

If conduction, radiation, or conduction and radiation are neglected, the corresponding values of h and the 
percentage errors are 18.5 W/m 2 -K (27.6%), 16 W/m 2 -K (10.3%), and 20 W/m 2 -K (37.9%). 

(c) For a fixed value of T s = 27°C, the conduction loss remains at q conc i = 8 W/m 2 , which is also the 
fixed difference between Pej ec and qc OIlv . Although this difference is not clearly shown in the plot for 
10 < h < 1000 W/m 2 -K, it is revealed in the subplot for 10 < 100 W/m 2 -K. 




0 200 400 600 800 1000 0 20 40 60 80 100 



Convection coefficient, h(W/m A 2.K) Convection coefficient, h(W/m A 2.K) 



No conduction No conduction 

— e— With conduction — e— With conduction 



Errors associated with neglecting conduction decrease with increasing h from values which are significant 
for small h (h < 100 W/m 2 -K) to values which are negligible for large h. 

COMMENTS: In liquids (large h), it is an excellent approximation to neglect conduction and assume 
that all of the dissipated power is transferred to the fluid. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 3.7 



KNOWN: A layer of fatty tissue with fixed inside temperature can experience different 
outside convection conditions. 

FIND: (a) Ratio of heat loss for different convection conditions, (b) Outer surface 
temperature for different convection conditions, and (c) Temperature of still air which 
achieves same cooling as moving air (wind chill effect). 

SCHEMATIC: 

7" S,2- 




AAA 



9" 



conv 



h--65W/mi-°C 



ASSUMPTIONS: (1) One-dimensional conduction through a plane wall, (2) Steady-state 
conditions, (3) Homogeneous medium with constant properties, (4) No internal heat 
generation (metabolic effects are negligible), (5) Negligible radiation effects. 

PROPERTIES: Table A-3, Tissue, fat layer: k = 0.2 W/m-K. 
ANALYSIS: The thermal circuit for this situation is 



/c 2. /ao 
-VW\, • A/\A/^ • 



L/kA l/hA 



Hence, the heat rate is 

Ts,l — Tqo T s j— Tqq 



R tot L/kA + 1/hA 



Therefore, 



Qcalm 
Q windy 



L 1 

— + — 
k h 



windy 



L 


r 




— + 






k 


h 


calm 



Applying a surface energy balance to the outer surface, it also follows that 



Qcond — Iconv • 



Continued 
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PROBLEM 3.7 (Cont.) 



Hence, 



k 
L 



( T s,l- T s,2) = h ( T s,2- T oo) 
k 



T s,2 = 



Too T s i 

hL 8,1 



1+ 



hL 



To determine the wind chill effect, we must determine the heat loss for the windy day and use 
it to evaluate the hypothetical ambient air temperature, , which would provide the same 
heat loss on a calm day, Hence, 



T s,l- 


Too 


T s,l- 


L 1 




_ L 1 


— + — 




— + — 


_k h 


windy 


_k h 



calm 



From these relations, we can now find the results sought: 



0.003 m 



1 



(a) 



qcalm _ 0.2 W/m-K 65 w/m 2 . K _ 0.015 + 0.0154 



1 windy 



0.003 m 



0.2 W/m-K 25W/m 2 -K 



- + 



0.015 + 0.04 



qcalm =Q553 
q windy 



-15°C + 



(b) T s , 2 ] 



0.2 W/m-K 
( 25 W/m 2 -K) (0.003 m) 



36°C 



calm 



1 + 



0.2 W/m-K 



= 22.1 C 



( 25 W/m 2 -K) (0.003 m) 



-15°C + 



0.2 W/m-K 



^ s '2] w i 



^65 W/m 2 -Kj(0.003m) 



36°C 



windy 



1 + 



0.2 W/m-K 



= 10.8 C 



^65 W/m 2 -Kj(0.003m) 



(c) 



0 , x0 (0.003/0.2 + 1/25) 

=36 C-(36 + 15) Cj ( = -56.3 C 

v ' (0.003/0.2 + 1/65) 



COMMENTS: The wind chill effect is equivalent to a decrease of T s 2 by 1 1.3°C and 
increase in the heat loss by a factor of (0.553) = 1.81. 
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PROBLEM 3.8 

KNOWN: Dimensions of a thermopane window. Room and ambient air conditions. 

FIND: (a) Heat loss through window, (b) Effect of variation in outside convection coefficient for 
double and triple pane construction. 

SCHEMATIC: (DolPa*: 

-Window, 0.8 m x 0.5 m 

CMsWl L = 0M7m 



7^, / - 20 °C 
/),= 10 W/m 2 -K 









• 




Air 











T aO = -10°C 
/?o'=80W/m 2 -K 



T 



oo.O 



hjA 



k a A 



k g A 



h Q A 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant 
properties. (4) Neglect radiation effects. (5) Air between glass is stagnant, 

PROPERTIES: Table A-3. Glass (300 K): k B = 1 .4 W/inK; Table A-4. Air (T = 278 K): k, = 
0.0245 W/m-K. 

ANALYSIS: (a) From the thermal circuit, the heat loss is 




20" C- 



-10 = C 



( 



1 

0.4 m 2 



1 



0.007 m 



0.007 m 



0.007 m 



I 



lOW/V-K 1.4 W/m-K 0.0245 W/m-K 1.4 W/m-K 80W/m 2 -Kj 
30" C 30° C 

29.4 W 



(0.25 -0.0125 + 0.715 + 0.0125- 0.03 125)K/W 1.021 K/W 

(b) For the triple pane window, the additional pane and airspace increase the total resistance from 
1.021 K/W to 1.749 K/W, thereby reducing the heat loss from 29.4 to 17.2 W. The effect of h, on the 
heat loss is plotted as follows. 



Outside ccnvection coe Ti cierrt. hor'A7m A 2.K) 



Continued.. 
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PROBLEM 3.8T:ont.) 



Changes in h 0 influence the heat loss at small values of ho. for which the outside convection resistance 
is not negligible relative to the total resistance. However, the resistance becomes negligible with 
increasing ho. particularly for the triple pane window, and changes in ho have little effect on the heat 
loss. 

C OMMENTS: (1) The largest contribution to the thermal resistance is due to conduction across the 
enclosed air. Note that this ah' could be in motion due to free convection currents. If the 
corresponding convection coefficient exceeded 3.5 W/m 2 K, the thermal resistance would be less than 
that predicted by assuming conduction across stagnant air. thereby increasing the heat loss. 
(2) Determination of the radiation heat loss is complex and will be addressed in Chapters 12 and 13. 
Radiation would increase the heat loss between the room and outside air. but on a sunny day. solar 
radiation transmitted through the window would contribute to heating the room. 
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PROBLEM 3.9 



KNOW\: Thicknesses nl'lliitv ni:ik:n:ils which form a t'liiiipD^ilL' wx\ \ find iIktiiihI 
conductivities of two ofthe materials. Inner and outer surface temperatures of the composite; 
aUo. temperature and coined ion coefficient associated with adjoining gas. 

FIND: Value of unknown [hernial conductivity, kfj. 
SCHEMATIC: 

T, ; - 600X-\ , w, r-x*, f*>° ~ <UL L B - L c = OJ5»t 

h =25 W/m*K 





-L ia ia. ^ T' 

riA A; A A k^A t^A 



ASSUMPTIONS: (1) Steady-state conditions, (2'j One- dimensional conduction, (3) Constant 
properties. (A) Negligible contact resistance, (5) Negligible radiation effects. 

ANALYSIS: Referring to the thermal circuit, the heat flux raay he expressed as 



4' = 



t r 



(600- 20}° C 



0.3 m 



0.15 m 



20 W/m- K 



0.15 m 
50 W in K 



5 SO 



o.ois+o.]^k B 

The heat tlux may be obtained from 

q"=h (To, " \i ) = 25 W/m 2 - K (800-600)° C 

q"=5000 W/m 2 . 
Substituting for Ihe heat flux from Eq. (2) into Eq. ( I ), find 



0.15 580 



580 



£1) 



(2) 



■ 0.018 = - 0.018 = 0.098 

k B q" 5000 

kg = 1.53 W/m - K. < 

COMMENTS: Radiation effects are likely to have a significant influence on the net heat 
tlux at the inner surface of the oven. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 3.10 



KNOWN: Construction and dimensions of a device to measure the temperature dependence of a 
liquid's thermal conductivity. 

FIND: (a) Overall height of the apparatus using bakelite, (b) Overall height of the apparatus 
using aerogel, (c) Required heater area and electrical power to minimize heat losses for bakelite 
and aerogel. 

SCHEMATIC: 



Stainless Steel 



Liquid layer 1 



Sandwich 



Liquid layer 2 



Sandwich 



Liquid layer 3 



Sandwich 



Liquid layer 4 



Sandwich 



Liquid layer 5 



Stainless Steel 



t, = 2 mm 



k ss = 15W/m-K 
k, = 0.8 W/m-K 
AT, = 2°C 



Stainless Steel 



Low Thermal Conductivity 



Stainless Steel 



Sandwich structure 



t„ = 1 mm 



T, 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer. 
PROPERTIES: Table A.3, bakelite (300 K): k = 1.4 W/m-K. 

ANALYSIS: The heat flux through the device is constant and is evaluated using Eq. 3.5 



q" = k 



AT, 0.8W/m-Kx2°C 



2 x 10" 3 m 



= 800 Wm 2 



For each stainless steel sheet, 



q-k s ^ or AT ^ = qX = 800W/m 2 xlxlO-V =005rc 



ss ss . 

^ss K ss 

The temperature difference from top to bottom is 



15 W/m-K 



AT tot = AT SS x Nx 2 + AT, x N + AT lcm x (N - 1) 



or 

AT lcm = 1 [AT^ -AT ss xNx2- AT, x N] = ^-[100°C - 0.053°C x 10 - 2°C x 5] = 22.4°C 



For the low thermal conductivity material, q" = k lcm 



AT, 



lcm 



lcm 



° r 'lcm = 



_ ^lcm^T lcm 



(a) For bakelite, 

1.4 W/m-K x22.4°C 



'•lcm 



800 W/iri 



= 39.2 x 10" J m 



Continued. 
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PROBLEM 3.10 (Cont.) 

The total height is 

H = 2Nt ss +Nt, +(N-l)t lcm 

= 2 x 5 x 1 x 10" 3 m + 5 x 2 x 10" 3 m + (5 - 1) x 39.2 x 10" 3 m 
= 177 x 10" 3 m = 177 mm 

(b) For aerogel, 

0.0065 W/m- Kx22.4°C ,„„ , n _ 6 
t lcm = z = 182 x 10 b m = 182 urn 

800 W/m 2 

The total height is 

H = 2Nxt ss + Nt, +(N- l)t lcm 

= 2 x 5 x 1 x 10" 3 m + 5 x 2 x 10" 3 m + (5 - 1) x 182 x 10" 6 m 
= 20.7 x 10~ 3 m = 20.7 mm 

(c) For side area, A s = 4HL and heater area, A h = L 2 . The heater-to-side area ratio is 

L 2 L 

10 = = or L = 40 H 

4HL 4H 

For bakelite, L = 40 x 177 mm = 7. 1 m and 

q = q "A h = 800 W/m 2 x (7.1m) 2 = 40.3 x 10 3 W = 40.3 kW 

For aerogel, L = 40 x 20.7 mm - 830 mm - 0.83 m and 
q = q "A h = 800 W/m 2 x (0.83 m) 2 = 550 W 



COMMENTS: (1) It may be expected that the small device utilizing the aerogel low thermal 
conductivity material will reach steady-state faster than the large device using the bakelite plates. 
(2) The stainless steel sheets are isothermal to within 0.053 degrees Celsius. Precise placement of 
the thermocouple beads on the stainless steel sheets is not required. (3) The device constructed of 
bakelite is large. The device constructed of the nanostructured aerogel material reasonably sized. 
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PliOBLEM3.ll 



KNOWN: Drying oven wall having material with known thermal conductivity sandwiched between thin 
mcla! sheets. Radiation and convection conditions prescribed on inner surface: convection conditions on 
outer surface. 

FIND: (a) Thermal circuit representing wall and processes and (b) Insulation thickness required to 
maintain outer wall surface at T„ = 40°C. 

SCHEMATIC: 



T roii = 300°C 
hi = 30 W/m 2 -K 



InsulaUon, k = 0.05 W/m-K 
■ T o = 40 D C 



Tooj T| T D Toe 



' Ambient i 

V 0 = 25°C 
ri 0 = 10 W/m 2 -K 



ASSUMPTIONS: { I ) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Thermal 
resistance of metal sheets negligible,! 4) Negligible contact resistance. 

ANALYSES: (a) The thermal circuit is shown above. Note labels for the temperatures, thermal 
resistances and the relevant heat fluxes. 



(b) Perform energy balances on the i- and o- nodes finding 



0 



R cv,i R cd 

Tj — T 0 Xjo^o ~~ T 0 
R cd R cv,o 
where the thermal resistances are 

R£ vi =l/h| = 0.0333 m 2 K/W 

R£ d = L/k = L/0.05 m 2 K/W 

R cv,o = 1/h o =0.100 m 2 -K/W 
Substituting numerical values, and solving Eqs. ( I ) and (2) simultaneously, find 
L = 86 mm 



(1) 

(2) 

(3) 
(4) 
(?) 



COMMENTS: ( I ) The temperature at the inner surface can be found from an energy balance on the 
i-nodc using the value found for L. 

Tco,i -T, Top^-Ti =Q 298.3 °C 

cv.o K cd + k cv,l 

It follows that Tj is close to T/.,j since the wall represents the dominant resistance of the system, 

2 2 
(2) Verify that q" - 50 W / m* and q", = -150 W /m~. Is the overall energy balance on the system 

satisfied? 



PKOBLKM 3.12 

KNOWN: Dimensions and thermal conductivities of the components of a fuel cell membrane. 

KIND: The effective thermal conductivity in the x -direction for various carbon nanotubc 
loadings. 



SCHRMATIC: 



1± 



= 0.10 mm 



t d = 0.01 mm 1^ = 0.20 mm 

LJ 1 



T 



tga, = 0,10 mm 
- L 



ASSUMPTIONS: ( I ) Steady-state conditions, (2) Constant properties. 
ANALYSIS: The equivalent thermal circuit is as follows. 



Therefore, 

q x = 



_ H 



T, O- 



l , - l\ AT 



t . t 



A/V 



M1-fl2t-,¥l 



= AT 



k c „f[Zt, :l ) W 



1 J 1 1_ 



'T, 



wt 



(1,2) 



Continued.. 



PROBLEM 3.12 (t out.) 



I .i|i,a:ir.}i I .q-;. ! I i ar.d (J: \ :cJil> 



k -i- 

kefFx wt 



k &jl (2l„ d |)w k^w k d (l-f)2l C |W | k en f2yv 
L [. L L 



>W = 7[2k g d|t & di + k p c.tpc + 2k cl (l-f)t d + 2k c „ft d ] 

where t = + 2^, + 2^,= 0.20 mm + 2 x 0 0 1 mm + 2 x 0. 1 mm = 0 42 mm 
For r= 0, 



I 



I 2 ■ 1.3 W/m-K * 0.1 ■ 10" m -0.25 W/m-K * 0.2 * 10" 3 m 



0.42 x 10" 3 m[ +2x1 W/m-K x 0.0! x lQr 3 m + 0 



= 0.79 W/m-K 
[■'or f- 0.3. 



i 



0.42 10-" in 



2 * 1.3 W/m ■ K x 0. 1 x 10' 3 m -0.25 W/m - k x 0.2 x 10" 3 m 
+ 2x1 W/m K x (l -0 3) x 0.01 x ]0" J m 
+ 2 x 3000 W/m -Kx (0.3) x 0.01 x ]0" 3 m 



43.6 W/m-K 



Similarly. k etTx - 15.1 Wmr-K and 29.3 W/m 2 K for I'- 0.1 and 0.2, respectively. 

COMMENTS: ( I ) Addition of a small amount of high thermal conductivity carbon nanoluhes 
increases the ability of the membrane to conduct energy in the \ -direction. [2] The effective 
thermal conductivity in the y -direction will not be significantly affected by the carbon nanntubes, 
since the thermal resistance posed by the polymer cure will have the most influence on the value 
o:'^c:T.,. 



PROBLEM 3.13 

KNOWN: Composite wall of a house with prescribed convection processes at inner and 
outer surfaces. 

FIND: (a) Expression for thermal resistance of house wall. R tl „; (b) Total heat ioss, q<W): (c) 
Effect on heat ioss due to increase in outside heat transfer convection coefficient, h 0 i and (d) 
Controlling resistance for heat loss from house. 

SCHEMATIC: 

L p * 10mm I » . I ^ JOa,,^- /-s -20*.w 

ASSUMPTIONS: ( 1 ) One-dimensional conduction, (2) Steady-state conditions, (3) 
Negligible contact resistance. 

PROPE RTI ES: Table A-3, (t = (Tj I T 0 ) / 2 = (20 1 5)° C/2=2.5°C a 300K ) : Fiberglass 

blanket, 28 kg/m , kj, = 0.038 W/m-K; Plywood siding, k s = 0.12 W/m-K; Plasterboard, k p = 
0.1 7 W/m-K. 

ANALYSIS: (a) The expression for the total thermal resistance of the house wall follows 
from liq 3 IS 

R tot =J-,-bL.-tb-,-l3L,-L. 

h;A kpA kbA k s A h a A 

(b) The total heat loss through the house wall is 
q = AT/R tot =(Tj T D )/R tot . 

Substituting numerical values, find 

I 0.01m 0 lUm 

R 



tot 7 j -) -I 

30W;m" - K x 350m" 0. 1 7W/m ■ K x 35()iir 0.03*W/m ■ K x 350m" 
0.02m 1 

+ T + 2 2 

o. l2W/m ■ K x 350m" f>0W/m- • K x 350m" 

R tot =[0.52 i 16.8 I 752 I 47.6 i 4.76] xlO -5 C C/W = 831 x 10" 5 °C/W 
The heat loss is then. 



q=[20-(-15)] C/831xl0" 5 °C/W=4.2l kW. 



(c) If h 0 changes from 60 to 300 WVirf-K. R 0 = l/h 0 A changes from 4.76 x ] 0~~ C C/W to 0.05 

-5 -5 
x 10 °C/W. This reduces R M to 826 x 10 '-'C.'W, which is a 0.6% decrease and hence a 

0.6% increase in q. 

(d) From the expression for R| 0 [ in pait (b). note that the insulation resistance. L^/k^A. is 
752/830 * 00% of the total resistance. Hence, this material layer controls the resistance of the 
wall. From part (c) note that a 5-fold decrease in the outer convection resistance due to an 
increase in the wind velocity has a negligible effect on the heat loss. 



PROBLEM 3.14 

KNOWN: Composite wall of a house with prescribed convection processes at inner and 
outer surfaces. 

FIND: Daily heat loss for prescribed diurnal variation in ambient air temperature. 
SCHEMATIC: 



'J-nstae Qir 



Plaster board, k p ^^fiberqfass bionket (Z8kg/m s ),kb 



ttt 



Ply woo d siding Jtg 

T^ZK+S sin (If *) O^llh 



Lf> -lOttlTT) 



L b rl00tam'**-^i-L s =ZOmm 



ASSL 1 MPT IONS: ( I ) One-dimensional, stead} -state conduction (negligible change in wall 
thermal energy storage over 24b period), ;2i Negligible contact ivmMjikv 

PROPERTIES: Table A -3, T * 300 K: Fiberglass blanket (28 kg/m"\ k b = 0.038 W/m-K; 
Plywood. k s = 0. 12 W/m-K: Plasterboard, k p = 0. 1 7 W/m-K. 

24h 

:rc 



Z-HJ -r _ -r 

ANALYSIS: The heat loss may be approximated as Q= | — ^-dt where 



(i 



• tol 



Rtot = - 



hj k p k b k s h 0 



R 



I 



tot 



200m z 



I 



0.01m 0.1m i i,i Cm I 
- + + - 



30W/m : -K ">-1^ W m-K 0.038 W/m-K 0.12 W/m-K 60 W/m • K 



R-. 0.01454 K/W. 
Hence the beat rate is 



Q 



-tot 



ll2h 

/ 


2 L >3 







w 

Q = 68.8 — t 
K 



20t+5 



3 + 5sin^tl 
24 1 

24] 2fftl 12 
cos + 

2,t 24 J 0 |_ 



241] 
dt + J 

i: 



20t+ 1 



2"->3 



24 



2/3 ■ 1 1 sin 1 

24 



dt 



2 rrt 



cos- 



240 1— ( 1 1) 



1 V"' 

480-240+— (1 + 1) 

71 



24 
W-b 



K - h 



Q = 68.S (480-38.2+84.03) W-h 



0=36.1 S kW -h=l. 302x1 (fJ. 

COMM ENTS: From knowledge of the fuel cost, the total daily beating bill could be 
determined. For example, at a cost of 0. 1 OS kW-h. the heating bill would be S3.62/day. 



< 



PROBLEM 3.15 

KNOWN: Dimensions and materials associated with a composite wall (2 5m • fi 5m. Ml slttds each 



FliND: Wall thermal resistance. 
SCHEMATIC: 



\?ZZ^Z9J>fjr_ _ . „ *\ y r-Hard<rtood siding 



&foss fiber;, 
paper 



1 t -J ■*- 4 ( 
I _ lSOmm-L 6 .L a \t 



Hardwood (B) 



'NS: | hSteadv-shile conditions^) Temperature orcompttite depends, only Ml X 
(surfaces normal to x are isothermal). Q 1 Consianl properties. (4) Negligible contact resistance 

PROPERTIES: Table A-3 \ T * JJOOK): Hardwood siding. k A = 0.094 W/m- K: Hardwood, 
fcg = a 1 1 W/m-K; Gypsum, k ( = 0. 17 W-'rrvK: Insulation (glass Tiber paper faced, 28 kg/V k 
k^n.63* W. m.K. 

ANALYSIS: Using the isothermal surface assumption, the (hernial circuit associated with a single 
Linil (enclosed by dashed lines) of the wall is 



{La<%\A a ) = 




O.OOKm 



0.13m 



(LD / k D AD}= — 



0. 1 (v W/m-K (0.ti4mx2.5ni) 



0.03 X W/m K (0.61m k 2.5m) 
0.012m 



= B.125 
= 2.243 K/W 



= 0.0434 K W. 



0J7 W/m. K ( 0.65 mx 2.5m) 
The equivalent resistance of the core is 

I cq = ( I < R H + I / ■ R D F 1 = ( I ' "4 1 25 + I ■■ 2.243 )~ ' = 1 .75M K W 
and the total Lin it resistance t*. 

With 16 such units in parallel, the total wall resistance is 

Urn =(1U'1 -'JWif 1 = <m*54 K'W. 

COM Ml'IM'I'N: If surfaces parallel io the heal $m> direction are assumed adiabatic. the [herimi 
circuit and ihe value c 



PROBLEM 3,16 

KNOWN: Conditions associated with maintaining heated and cooled conditions within a refrigerator 
compa rtmenl 

FIND: Coefficient of performance (COP). 

SCHEMATIC: 

j 7^-20°C 

> h = 50W/m 2 -K 



i90°C 



Caw(b) 



Electric 
heater 



T 



^.0 = Z5°C 



Unplugged 




7 — 


















! Cooling 
1 coil 








! ' q aut 







Plugged 

W,„ = 125,000 J 
Af= 12 h 



ASSUMPTIONS: i I ) Steady-state operating conditions. (2) Negligible radiation, (3) Compartment 
completely sealed from ambient air. 

ANALYSIS: The Case (a) experiment is performed to determine the overall thermal resistance to heat 
transfer between the interior of the refrigerator and the ambient air. Applying an energy balance to a 
control surface about the refrigerator, it follows from I'q. 1. 1 lb that, at any instant, 

E g - E out = 0 

Hence. 

^elee-lout =° 
where q oul ['l' y , A |/l< . It follows that 

']",:,, I,,, (M 25) C 



3.25 C/W 



M,k, 20 W 

For Case (b), heat transfer from the ambient air to the compartment (the heat load) is balanced by heat 
transfer to the refrigerant (q m = q ot „). Hence, the thermal energy transferred from the refrigerator over the 
I 2 hour pet iod is 

* au. ^"d "Taj 0 

Oout = q 0U t At = qin at = — ~ At 



Q out = ^ ^ C (l2hx36OOs/h) = 266,0OOJ 
3.25" C/W 

The coefficient of performance (COP) is therefore 

0,,,, 266,000 
COP=^^- ' =2.13 



\v 



I25.ii(i(i 



COMMENTS: The ideal (Carnot) COP is 
X. 278 K 



COP) 



13 -i 



/ideal T h -T c (298- 278) K. 
and the system is operating well below its peak possible performance. 



PROBLEM 3.17 

KNOWN: Total llwr space and vertical distance between lloors tor a square, flat roof building. 

ITNI): (a) Impression for width of building which minimizes heat hiss, (h) Width and number of lloors 
which minimize heat loss for a prescribed llooi space and distance between lloors ( orresponding heat 
loss, percent heal loss reduction from 2 lloors 

SCHEMATIC: 

A f = 32,768 m 2 




ASSUMPTIONS: Negligible heat loss to ground. 

ANALYSIS: (a) To minimize the heal loss q, the exterior surface area. A* must he minimized, from 
Fig. (a) 

A s = W 2 -4WH = W 2 +4WN f H f 

Vi here 

N f =A f /w 2 

1 1 on co , 

A B = W 2 +4WAp Hf/w 2 = W 2 +4A f H f /W 
The optimum value of W corresponds to 

dW w 2 

or 

W op = (2A f H f f 3 < 

The competing effects of W on the areas of the roof and sidewalls, and hence the basis for ait optimum, is 
shown schematically in Fig. (b). 

(b) For A f = 32,768 m 1 and H f = 4 m. 

/ 2 \ 1/3 ^ 

W op =(2x32,768nrx4ml = f4m < 

Continued 



PROBLEM 3.17(Cont.) 



Hcnrc, 



N f =— 1=— 7^ = S 



a tid 



W 2 (Mm) 2 



q = UA S AT = 1 w/m 2 ■ K 



,2 4x 32.768 mx4m 
(64m) - I — 



64 m 



25°C = 307.20QW 



For N f = 2, 

W = (A f N f j l; - = (32.768 nr/2) 1 " = 128 m 



q = lw/m 2 -K 



2 ) 4x32.768m-x4m 
128m 



25"C = 5 12.000 W 



11 1 reduction in q = ( 5 1 2.000 - 307.200 )/5 1 2.000 = 40% 

COMMENTS: Even the minimum heat loss is excessive and could be reduced by reducing U. 



< 



PROBLEM 3.18 



KNOWN: Dimensions and tern per am re of a eanister containing a solid oxide fuel cell. 
Surroundings and ambient temperature. 

KIND: (a) Required insulation thickness to keep the equivalent blackbody temperature below 305 
K. (b) C anister surface temperature ibr lour cases, (c) Heal 11 ux through the cylindrical walls for 
Ibur eases. 



SCI I KM ATI C: 



Infrared 
detector 



T„ = sotrc 



L = 120 mm — • 

1 




Solid oxide 
fuel cell 



I- -I 



= 75 mm 



ASSUMPTIONS: ( I ) Stead\ -state conditions, (2) Constant properties, (3) One-dimensional heat 
transfer, (4) Large surroundings. 

ANALYSIS: The maximum allowable surface tempera lure may he found b\ relating the actual 
and in 1 erred surface temperatures through Ine relation 



The thermal circuit is 



T fc = 8KTC »"fr ; /p 
= 1073 K 2akL 



1 



h r 2sr 2 L 

Mr 



(1) 



-O T =298K 



-O T =3O0K 



where, from l.q. I '■). 



h r =r s a(T s + T syr )(T a 2 + T^ lr ) (2) 



Summing currents at the f 5 node yields 



C.'onlmued.. 



PROBLEM 3.18 (Cont.) 



TV, -T, 



T -T 



2skL 



I "i 12. .1 r— I 



T -T 

S sur 



I 



:l 2:tr,l. 



(3) 



w here 



ln(r : tj 
2 ;l I . 



(4) 



Noting thill llio insulation thickness is t = \i - ri. sol\ iitQ liqs. (2) and (j) simultaneously, and then 
sol\ in si liq. (4 j yields the follow in a results. 





k (W/mK) 


Km) 


f 5 (k) 


q(W) 


o.os 


0.09 


0.0S75 


573.5 


135 


0.9 


0.09 


0.963 


313.1 


33.75 


o.os 


0.006 


0.0008 


573 5 


I OS. 4 


0.9 


0.006 


0.0 IS 


313.1 


10.2 



COMMENTS: ( I ) Use of the low emissivih surface allows surface temperatures lo ho high 
without the fuel eel] being detected. (2) The high surface temperature is no! safe to the lotich. (3) 
The low thermal conductivity of the aerogel allows lite use of a small insulation thickness relative 
to the calcium silicate. (4) Small heat losses and low surface temperatures are desired. '1 he s; s = 
0.9. k = 0.006 case offers the hesl performance, and the surface need not he kept in a polished 
condition to avoid detection. 



PROBLEM 3,19 

KNOWN: Representative dimensions and thermal conductivities tor the layers of lire-lighter' s 
protective clothing, a turnout coal. 

I ; IINI): [a) Thermal dram rep resenting the turnout coat; tabulate thermal resistances of the layers and 
processes: and (h) for a prescribed radiant heat flux on the fire-side surface and temperature of 

Tj dO'T at the inner surface, calculate the fire-side surface temperature, I o 
SCHEMATIC: 



Shell r Moisture barrier r Thermal liner 



q a rad = 0.25W/em 2 



[ 1 


* b 




o d 




H 


air 
Sap 


mb 


air 
gap 


(tl) 



Lj(mm) 0.8 1.0 0.55 1.0 3.5 
lq(W/m-K) 0.047 0.012 0.038 

ASSUMPTIONS: ( I ) Steady-slate conditions, (2} < )ne-dimensional conduction through the layers, 
(3) Ileal is transferred by conduction and radiation exchange across the stagnant air gaps. (3) Constant 
properties. 

PROPERTIES: Table A-4, Air (470 K. I ami): k ab k cd 0.0387 W/m-K. 

ANALYSIS: fa) The thermal circuit is shown with labels for the temperatures and thermal 
resistances. 



T 0 T a 



R«ir,ab 



'rad.ab 



r: 



mb 



^radpOd 



The conduction thermal resistances hav e the form R^j = L/ k while the radiation thermal resistances 
acj'oss the an gaps have the form 

I 1 



r; 



i a l.I 



hj-ad 4fj-Ta VS , 



The linearized radiation coefficient follows from Eqs. 1 .X and 1 . l J with t: = 1 where T aV g represents the 
average temperature of the surfaces comprising the gap 



h rad = " ( T l + T 2 ) ( T ] 2 + T 2 ) * 4fjT avg 



For the radiation thermal resistances tabulated below., we used T av » = 470 K. 



Continued 



PROBLEM 3.19 (t out.) 

Air nap Liner Total 
(c-d) (tl) (tot) 

0.0259 0.00921 

0.0424ft 

0.01611 

K[ olal - - - - - 0.1043 

From the thermal circuit, the resistance across the gap for the conduction and radiation processes is 

] 1 1 
= I 

p > p » a i 
■^gap ^-cd ^ rad 

and the total thermal resistance of the turn coat is 

R tot = R cd,s - R gap,a-b 1 R cd,mb 1 R gap,c-d 1 R cd.tl 

(b) If the heat flux through the coat is 0.25 W/cm". the fire-side surface temperature T 0 can be 
calculated from the rate equation written in terms of tire overall thermal resistance. 

q' = (T Q Ti)/R^ t 

T 0 = 66°C I 0.25 W / cur x ( Ur cm / m )" x 0. 1 043 m 2 -K / W 
T 0 = 327°C 

COMMENTS: ( 1 ) From the tabulated results, note that the thermal resistance of the moisture barrier 
(mb) is nearly 3 times larger than that for the shell or air gap layers, and 4,5 times larger than the 
thermal liner layer. 

(2) The air gap conduction and radiation resistances were calculated based upon the average 
temperature of 470 K. This value was determined by setting T aV g = < T 0 + Tj y'2 and solving the 
equation set using HIT with k aM - =k aM (T avc ). 



Shell 

w 

R^m 2 K/wJ 0.01702 
K; ad (m 2 .K/w) - 
R" (m 2 K/W| - 



Air gap I la 1 1 iei 

(a-b) (mb) 

0.0259 0.04583 

0.04246 

0.01611 



PROBLEM 3.20 



KNOWN: Materials and dimensions of a composite wall separating a combustion gas front a 
liquid coolant. 

FIND: (a) Heat loss per unit area, and (b) Temperature distribution. 
SCHEMATIC: 



Y^, c = 0,05m* -K/W 

Beryllium o X( ^ r \' J L§! a ' rt ' e !^^l / ( 5D $ 
Combustion 

-2600'C 

L A -Wmm' 







ASSUMPTIONS: ( I > One-dimensional heat transfer. (2) Steady-state conditions. (3) 
Constant properties. (4) Negligible radiation effects. 

PROPERTIES: Table A-L St. St. (304) (T * I 000K): k = 25.4 \\ i:,K: /«Wf .-1-2, 
Beryllium Oxide (T = 1500K): k =21.5 W'/mK. 
ANALYSIS: (a) The desired heat flux may be expressed as 

T„j T^ 2 (2600 lOO'fC 



-L.iA.R^.iB.-L 
h] ' kg hi 



1 0.01 ,, A , 0.02 I 

— + + 0.05+ + 

50 21.5 25.4 1000 



nr K 



W 



q'=34,600 W/m . 

(b) The composite surface temperatures may be obtained by applying appropriate rate 
equations. From the fact that q"=h] (T.- /: i T s j ), it follows that 

T s , = T K , --31 = 2600° C - 34 - 600 = 1 908° C. 

[l l 50 W/m -K 

With q"=(kA / L\ )( T s j T c j ), it also follows that 

T r] = Tsl J*9l-ioqR-c ™i™34*uuw*n» 

' k A 21.5 W/m-K 

S i m ilarly, w ith q "= ( T c> ] T c>2 ) / R t , c 

T f7 =T f | R t c q"= 1 m2°C 0.05 ', K x 34, 600-^- = 1 62° C 

W m - 



< 



Continued 



PROBLEM 3,20 (Cont.) 



and with q = ( k 9 / L B ) ( T c 2 T s>2 ) , 

_ L B q" = Q.u2mx 34.600 W,. 

U 7 = lr ? -— = loi C _ _ — — — 



111" 



■s 7 = Jr 7 — — ibi L. • = 134.6 C. 

■ kg 25.4 W/m-K 



The temperature distribution is therefore of the following form: 



T C1 =1S9Z B C- 



***** 



COMMENTS: ( 1 ) The calculations may be checked by recomputing q" from 



q"=h2(T s> 2 -Trr.i) = 1000W/m L ■ K (134.6-100)'' C=U.600W/nr 

(2) The initial estimates of the mean materia] temperatures are in error, particularly for the 
stainless steel. For improved accuracy the calculations should be repeated using k values 
corresponding to T = ' '-Km.VC for the oxide and T = 1 1 5°C for the steel. 



(3) The major contributions to the total resistance are made by the combustion gas boundary 
layer and the contact, where the temperature drops are largest. 



PROBLEM 3.21 



KNOWN: Thickness, overall temperature difference, and pressure for two stainless steel 
plates 

FIND: {a) Heat flux and (b) Contact plane temperature drop. 
SCHEMATIC: 

0. 01m -\* *\* >f- 0. 01 m 



k 



r SJC t 



y- 



■Con fact 
pressure 1 bar 



Stainless sieel 



ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) 
{ 'onstant properties 

PROPERTIES: Table A-I, Stainless Steel (T = 400K): k = 1 6.6 W/nvK. 
ANALYSIS: (a) With R' t ' . = 15xlO~ 4 m 2 • K, W from Table 3.1 and 



0.01m 



k 16.6 W/m-K 
it follows that 



■=6.02x10 4 m 2 K/W, 



R\ ot = 2(L/k) + RJ c * 27x10 



4 I r K/W; 



hence 



. AT 



KHif 



R tot 27xlo" 4 nr -K/W 



: 3.7C)xl0 4 W/m 2 . 



(b) From the thermal circuit, 

vi Kc 



5x]() 4 ni " ■ K W 



T s,l T s,2 Rtot 27 x I0" 4 m 2 -K/W 



0.556. 



Hence. 



AT C = 0.556 (T s j -Tsj) = 0.556(lOO°cU 55.6° C. 



COMM ENTS: The contact resistance is significant relative to the conduction resistances. 
The value of R\ c would diminish, however, with increasing pressure. Note that there is 

considerable uncertainty in the answer since the thermal contact resistance can take on a wide 
range of values 



PROBLEM 3.22 



KNOWN: Temperatures and convection coefficients associated with fluids at inner and 
outer surfaces of a composite wall. Contact resistance, dimensions, and thermal 
conductivities associated with wall materials 

FIND: (a) Rate of heat transfer through the wall, (b) Temperature distribution. 
SCHEMATIC: 



T^ZQO'C T 




ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) One-dimensional heat transfer, (3) 
Negligible radiation. (4) Constant properties. 



ANALYSIS: (a) Calculate the total resistance to find the heat rate. 

R-tot 
R, 



h t A k A A ' k B A In A 

I ' 0.01 0.3 0.02 " I 

I l + l 

10x5 0.1x5 5 0.04x5 20x5 



K 



K 



R tot =[0.02 + 0.02 + 0.06 + 0.10 + 0.01]— = 0.2 

w w 



T^i-T^ (200-40)° C 



Rtot 

(b) It follows that 



0.21 K/W 



T s,l =T oo,l 



hi A 



-2()<i C 



762 \V 
50 W/'K 



- ' :-4 :-, C 



l'A=\l 



qL. 762 Wx 0.01m 

- L ^- = 184.8 C = 169.6 C 



k A A 



m ■ K. 



3m 



T B =T A -qR tc =169.6 c C-762Wx0.06 — = 123.8"C 

qL n 762Wx0.02ra 
T s,2= T B - LJL = 123.8 C _ = 47.6 C 



0 04- 



m K 



:5m 



T»,2 = To - 



b 2 A 



762 W 

47.6 C = 40 C 

100W/K 




PROBLEM 3.23 



KNOWN: < hiter and inner surface convection conditions associated with /ireonia-coaled. Inconel 
turbine blade. Thicknesses, thermal conductivities, and inleriaeial resistance of the blade materials. 
Maximum allowable temperature of Inconel. 

HIND: Whether blade operates below maximum temperature. Temperature distribution in blade, with 
and without the TBC 

SCHEMATIC: 

Lzr= 0.5 mm [« 4 »— »|— L; n = 5 mm 



AAA 



h Q = IMOW/m 2 K 
T„ >o =1700 K 



Zirconis 
k= i.3W/m-K 




AAA '03,0 



l,,/=4MK 



Inconel 
= 25 W 



ASSUMPTIONS: ( I ) < )ne-dimensionah steady-state conduction in a composite plane wall. (2) Constant 
properties. (3) Negligible radiation. 

ANALYSIS: I -'or a unit area, the total thermal resistance with the TBC is 

-1 



R tot,w = C +(L/k) Zl . + R;, c +(L/k) [n + ] M 



10 4 + 10 4 +2xl0 4 + 2xl0 3 jm 2 K/W = 3.69x10 3 m 2 -K/\V 



With a heat flux of 



T -T 

1w =■ 



I .-M! IK 



• 3 52 ■ in 



3 W/b 



Rtot,w 3.69 xlO -3 m 2 K/W 
the inner and outer surface temperatures of the Inconel arc 

T sJ( w ) =T oo i +(q^ /hj ) = 400 K + (3. 52 x 1 0 5 w/m 2 /s00 w/m 2 ■ K ] 1 104 K 

T s,o( w) = T »,i + [0/ n i ) + ( L A) ta ] q*w = 400 K 1 ( 2 x l0 ~ 3 + 2 x 10 " 4 ) ™ ' K/w(3.52 x 10 5 w/ m 2 J = 1 174 K 

Without the TBC, r; oUwo - h; 1 +(L/k) ]n - n- 1 - 3 J0x I0'V ■ k/w . and q* wo = (l B)0 -T W|i )/r^ jW0 = 

( 1 300 K)/3.20x 1 0"' m"-lv. W = 4.0d < I «" W nr. The inner and outer surface temperatures of the Inconel 
ate then 

T s.i(wo) 'l^i-Ko/bi) 400 K + (4.06 x 10 s w/m 2 /50O w/m 2 • K ) 1212 K 

T s> c( w0 ) = T K>i +[(l/hi) + (L/k) In ] q ; 0 = 400 JC + (2-:10" 3 + Zxltf 4 )m 2 ■ K./w ( 4.06 x lfl 5 w/ m 2 ) - 124.1 EC 



Continued. 



PROBLEM %m (Cant.) 




Use of the TBC facilitates operation of the Incoiiel below = 1250 IC. 

COMMENTS: Since the Llurabihiy of the TBC iJccreai.es wjtfi increasing temperature, which 
Willi increasing thickness, limits to the thickness are associated with rehabilit\ console] aitons. 



PROBLEM 3.24 

KNOWN! Size und surface temperatures of a cubical free/er Materials, thicknesses and interface 
resistances of freezer wall 

FIND: <"V,lMm bad. 

SCIIEMATIC: 



Freezer = 6.35 mm -* 

T^| = -BPC 



Llm = 100 mm 




Lrt = B.3S mm 




R' tc = 2.5x1 £Hm2-K/W 

ASSUMPTIONS: 1 1 1 Sjrady-statc. <2> Onc^miensii>nal conduction, p I ("onsiaiit properties. 
PROPKRTII.S: Table M Aluminum 2024 ftj 1 7} W nvK. Carbon steel 

AlSI ]0lo<~2vSKV. Ki MW.niK ;«A/r,M<~.Uifjk) k ms iM>3"W.m-K. 
ANAM SIS: Ten- a mm wall surface area, the wtal thermal resistance <d ibe compos-ne wall is 

d* _ ^al , ,_Lliis_ d" , ^ >i 
^a] Mrs '^si 



tot 



O.OOh.on 
175 W 'Jii -K 



+ 2.^>;]t) ^ + 



W a03*> W/m-k 



-+2.5x!0 4 I 



Vv (4 W I m K 



R J ol = ( 3 . 7 * 1 ( r ? + 2. 5 x ] l r 4 +. 2.56 + 2 .5 x 1 (T* * ft? * I 0~ 5 j m 1 ■ K ■ W = 2 . 5f , nr ■ K i W 



Hence, the heat flux, is 



hi." 



w 



and the cooling bud is 

q = A, q* = 8 W 2 q' = 54m 2 * 1 0.0 W ; m 2 - 500 W < 

COMMENT: Thermal resistances associated with the cladding and the adhesive joints are ne gligible 
comrmred to thai of the insulation. 



PROBLEM 3.25 



KNOWN: ( >peralunj conditions, measured temperatures and heat input, and theoretical 1 henna I 
conductivity of a carbon nanetuhe. 

LINI): [a) Thermal comae! resistance between the carbon nanotube and the beating and sensing 
islands, (b) I'raction of total thermal resistance between the heating and sensing islands due In 
thermal contact resistance for 5 urn < s < 20 urn. 

ASSUMPTIONS: (I ) Steady-state conditions. (2) Constant properties, (3) One-dimensional beat 
transfer, (4} Isothermal heating and sensing islands, (5) Negligible radiation and convection heat 
transfer. 

PROPERTIES: k^ T = 5000 W/m-K 
ANALYSIS: 

(a! 1'he i 'Ha I I hernia I ivm stance Iviwccn the heated and sensing island is 



t t,tot 



+ 2R 



The value of this total resistance is the same as the one posed in Example 3.3 with 
k cn = 3113 W/m-K and R tJ] = 0 or 



L- _ A 

^Cll, I ■ Vll 



L' 4 

^ cn - cri 



for which 
R 



2A„ 



CH.T 



5 x ]0° m 



2 x 1.54 x 10" 16 m 2 



I 



I 



3113 W/m-K 5000 W/m 



= 1.97 x 10 6 K/W 

(b) The fraction of the total resistance due to the thermal contact resistance is 



2R 



l A 



2 x 1 .97 x ] 0 K/W 





■ 




s 


k T '\ 



2x 1.97 x 10 u KW i 



5000 W/m- Kx 1.54 x JO" 16 m 3 



As evident in the plot below, the fraction of the total thermal resistance due to thermal contact 
dec i eases li. mii ^ at s 5 um lo (I 13 at s 21J iim 



Continued. .. 
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PROBLEM 3.25 (Cotit) 



Fraction of Thermal Resistance due to Contact 




s. micrometers 



COJVIMKN I : To desensitize the experiment to uncertainty d no to the unknown thermal contact 
resistance values, a largo separation distance between the islands is desired. As the separation 
distance becomes large, however, the surface area of the carbon nanolube increases and surface 
heat L'svs by ladijUnn ma 1 . \n\ alidate the assumption of a lineal temperature distribution along 
the length ofthe nanotuhe. An optimal separation distance exists that will minimize the 
undesirable effects ofthe thermal contact resistances and nidi at ion loss from the surface old he 
nanolube. 
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PROBLEM 3.26 



KNOWN: Geomeltx of two mating surfaces. 

I'lND: Possible reduction in contact resistance associated with grooving the surfaces, 
SCHEMATIC: 



Material A 



Contact resistance 




ASSUMP TIONS: ( \ ) Constant properties. (2 ) Steady -state conditions. (3) One-dimensional heat 
transfer, (4) Contact resistance is the same in schematics (a) and (b). 

ANALYSIS: I or (he plane mating surfaces of configuration (a), the thermal resistance network 
between x = !) and x = I, is shown on the left below. 



T(*=L) | 



T(ic=0) 1 

Plane mating surfaces (a) 



T[*=L] 



2Rt. B . > 




T[«=n] 
Interdigitated surfaces fjbj 



I lere. K Lc . a is the contact resistance for configuration (a), for a width of 2w = \v„ ■ Wb and lot tin it 
depth into the page, the conduction resistances for configuration (a) are 



L 



Therefore. K, 0La = — 
4\\ 



l "t n cond n A 



2k A w 



2k B w 



I L'.,l 



(I) 

( or.:iniiL'd... 
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PROBLEM 3.26 (Co tit.) 



For configuration b (shown on the right in the sketch above), the thermal resistance network 
between x = 0 and x = L for a width 2w = w a + w h and unit depth into the page. 



t,coud,A 



k , U 



t t,c(md.B 



kttw 



I he contact resistance associated with width w (R^lis twice that associated with widtli 2w (R,^ 
2K tca j. Therefore. 

1 ra 



[ ienee. 



tnt,h 



I. 



2R 



I. 



I C .1 



k B w 



2R 



t,c,a 



L 


1 I 




1 1 














R tot,p _ 4w 


^ A ^ B 


K " 3 4w 

■J- 







■ :< 



t,c,a 



tcrt.b 



1 ' 2R tCa 



k n w ' 2R '<" 



for the limiting ease oFR lA „ = 0. the preceding expression reduces to 



Kt "'-* = If k | k |.'J_ _L 



R tat,b 4 



For the case L/w = 1. the preceding expression reduces to 



I R 



tot.a 



-B I 



i c.a 



k:1.':i 



1 



>R, 



A3 



r 1 2Ri - 



A 'Mi 

The ratio of the total thermal resistance of (a) relative to that of (b) is shown for R^, = 0 
K/(W/m) and 1000 K/(W/m). k A = 10 W/m-K, 1 <k B < 100 W/nvk and I -w = ]. fhe scheme 
reduces the ft>f«/ therm til resistance when the contact resistance is negligible, but is ineffective 
when the contact resistance is large. The total resistance alwa\ s increases with increasing contact 
resistance. 
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PROBLEM 3.27 



KNOWN: Operating conditions for a board mounted chip. 

TI1NI): (a) Kquivalent thermal circuit, (b) Chip temperature, (c) Maximum allowable beat dissipation for 
dielectric Liquid (h„ = 1000 W/m -K) and air (h D - 1 00 W/m 2 'K). Effect of changes in circuit board 
temperature and contact resistance. 

SCHEMATIC: 

9*o\ 'Toe = 20 °C 

T J "* C, 'C 

L b = 0.005 m V \f^* r R 't,c 

ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible chip 
thermal resistance, (4) Negligible radiation, (5) Constant properties. 

PROPERTIES: Ttihh ,f-.\ Aluminum oxide (polycrystalline, 35H K): k b 32.4 W/m-K. 

ANALYSIS: (a) 

(b) Applying conservation of energy to a control surface about the chip ( Ej n - E out - = Oj , 

qc-qf-cfo = ° 

T c — Tgrjj T(j — Tao ;0 

qc l/hi-(L/k) b+ R' LL . + l/h„ 

With q*= 3 x 10 4 W/m 2 , h, = 1 000 W/nr-K, k b = I W/m-K and Rf <c lit 4 m 2 ■ K/W , 

, ,„4„,/ 2 T C -20°C T C -20°C 
3x10 W/m =— S — + £ 

1 1/40 + 0.005/1 +10 4 ) m 2 ■ K/ W ( l/l U< 10 ) in" - K/ W 

3 x 1 0 4 w/ m 2 = (33.2T e - 664 + lO0OT c - 20, 000) w/ m 2 ■ K 
1033T C = 50.664 

I , ■■> ( . < 

(c) For T c = 85"'C and h 0 = 1000 vV ... ' K. the foregoing energy balance yields 

q' =67,160 w/m 2 < 
with q" 0 = 65,000 W/m 2 and q- = 21 60 W/m 2 . Replacing the dielectric with air (1^ = 100 W/m 2 -K), the 
following results are obtained for different combinations of k b and Rj' L . . 

Continued... 
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PROBLEM 3.27 (Co nt.) 



k b (W/m-K) 


(nr-K/W) 


q- (W/m 2 ) 


<; (W/m 2 ) 


'1.- (W/m 1 ) 


1 


io- 4 


21 50 


6500 


8659 


.12.4 


10" 4 


. - 1 


6500 


l Ki74 


1 


10" 5 


2166 


6500 


^666 


.12.4 


W 5 


258.1 


6500 


l>()8.1 



< 



COM MUNI'S: 1 . For the conditions of part (b). the total internal resistance is 0.0301 m 2 -KAV. while 
the outer resistance is 0.001 m 2 -K/\V. Hence 

q" 0 (T c -V 0 )/R' 0 0.Q301 3Q 
1? (T c -Vi)/R[ 0.001 

and only approximately 3% of the heat is dissipated through the board. 

2. With h 0 = 100 W.'m 2 K, the outer resistance increases to 0.01 af K V> . in which case q" 0 fq[ = Rj/RJ 

0.1*3*11 !i HI 3 I and now almost 25% of the heal is dissipated through the hoard i lence. although 
measures to reduce R[ would have a negligible effect on q" c for the liquid coolant, some improvement 
may be gained for air-cooled conditions. As shown in the table of part (b). use of an aluminum oxide 
board increase q* by 19% (from 2159 to 2574 W/m 2 ) by reducing R- from 0.0301 to 0.0253 m 2 K/W. 

Because the initial contact resistance ( R* L , = I 0 4 nr ■ K/w ) is already much less than Rj' , any reduction 

in its value would have a negligible effect on q" . The largest gain would be realized by increasing hj, 
since the inside convection resistance makes the dominant contribution to the total internal resistance. 
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PROBLEM 3.28 



KNOWN: Dimensions, thermal conductivity and emissivity of base plate. Temperature and 
convection coefficient of adjoining air. Temperature of surroundings. Maximum allowable 
temperature of transistor case. Case-plate interface conditions. 

EINI): (a) Maximum allowable power dissipation for an air-filled interlace, (hi liJVocl of convection 
coefficient on maximum allowable power dissipation. 

SCHEMATIC: 



k = 240 W/m-K 



Pete — 




L = 0.008 m 



L' T (B = 298K 
h = 4 VWma-K 
w = i 



W = 0.02 m 



ASSUMPTIONS: < I > Steady-state, (2) Negligible heal transfer from the enclosure, to the 
surroundings. (3) ( >ne-dimensional conduction in the base plate, (4) Radiation exchange at surface of 
base plate is with latge surroundings, (5) Constant thermal conductivity. 

S 2 

PROPER I IE S: Aluminum-aluminum interlace, air-tilled, 10 urn roughness, 10 N-m contact 
pressure (Table 3.1 ): R" x = 2.75 x 10 -4 m 2 • K / W. 

ANALYSIS: (a) With all of the heat dissipation transferred through the base plate, 
Ts,c ~ Ta> 



Pele 



q 



R 



0) 



tot 



where R tot = R t(C I R ctl d ' [0 / R C nv ) ' O^i-ad)]" 

Rtot = ~^ r"H 

h r = T s,p + T sur ) ( T stn + T su, 



and 



To obtain T s p . the following energy balance must be performed on the plate surface. 



T -T 
s,c 's,p 

R t,c 1 R cnd 



= qcnv 1 Qrad = hW 2 (T Si] , T /: ) I h r W 2 (T^ p T sur ) 



(2) 



(3) 



(4) 



With R LC = 2.75 Hi" 4 m 2 -K;W/2x 1 0" 4 m 2 = 1 .375 KAV, R cnd = 0.006 m;( 24(1 W/m-K x 4 x in" 4 m 2 ) 
= 0.0625 KAV, and the prescribed values of h, W, T* = T sur and •<:.. Eq, (4 ) yields a surface temperature 
of T S jj = 357.6 K = S4.6°C and a power dissipation of 



Continued 
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PROBLEM 3.28 (Com.) 

P e]ec =q = 0.268 W 



The convection and radiation resistances arc R^n, = 625 K/W and R ra j = 345 K/W, where h r = 7.25 
W/m 2 K. 

(b) With the major contribution to the total resistance made by convection, significant benefit may be 
derived by increasing the value of h. 




0 20 40 60 80 100 120 140 160 180 200 
Convection ooefficient. h (W/m*2.K) 



For h = 200 W/m 2 -K. R cnv = I 2.5 K/W and T s p = 35 1. 6 K. yielding R rad = 355 K/W. The effect of 
radiation is then negligible. 

2 

COMMkN IS: ( I ) The plate conduction resistance is negligible, and even tor h = 200 W/m -K, the 

contact resistance is small relative to the convection resistance. However. R Lc could be rendered 
negligible by rising indium foil, instead of an air gap. at the interface. From Table 3. 1 , 

R" t c = 0.07 x 10~ 4 in 2 ■ K / W, in which case R t , c = 0.035 m-KYW. 

(2) Because A c < W". heat transfer by conduction in the plate is actually two-dimensional, rendering 
the conduction resistance even smaller. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 3.29 

KNOWN: Conduction in a conical section with prescribed diameter. D. as a function of x in 

1/2 

the form D = ax 

FIND: (a) Temperature distribution, T(x), (b) Heat transfer rate, q x . 
SCHEMATIC: 



T t = 600K- 




T Z =400K 
■ Pure aluminum shape 



x,=Z5mm 



X ST 



ASSUMPTIONS: ( 1 ) Steady-state conditions. (2) One-dimensiona] conduction in in- 
direction. (3) No interna i heat generation. (4) Constant properties. 

PROPERTIES: Table /(-/. Pure Aluminum (500K): k=236 W/m-K. 

ANALY SIS: (a) Based upon the assumptions, and following the same methodology of 

Example 3.4, q x is a constant independent of x. Accordingly, 

..dT . f / i./2\ 2 ,. . IdT 
q x =-kA- = -k|^ax ) ,4|- 

2 1/2 
using A = ttD /4 where D = ax . Separating variables and identifying limits. 



.2, 



dT. 



tt a k 

Integrating and solving forT(x) and then forT^. 



T(x) = T] 



4q 



- L —'\) — Tt =T] 77— ln^. 

X| " '■ 



n a 



4q, 

— in 

,t a"k x ' 



Solving Eq. (4) for q x and then substituting into Eq. (3) gives the results., 
qK=-^ 2 MTi-T 2 )/ln(x ] /x 2 ) 



T(x) = T ]+ (T l -T 2 ) 



In U 1 /x 2 ) 



(1) 



(2) 



OA) 

(5) 
< 



From Eq. ( 1 ) note that (dT/dx)-x = Constant. It follows that T(x} has the distribution shown 
above. 

(b) The heat rate follows from Eq. (5), 
v i W 

q K = ^ x 0.5- 111 x 23 ft _( 600 - 4(H)) K/ln = 5.76k W. < 

4 m ■ K 1 25 
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PROBLEM 330 

KNOWN: Geometry and surface conditions of a truncated solid cone. 
FIND: (a) Temperature distribution, (b) Rate of heat transfer across the cone. 
SCHEMATIC: 

-X 



T r 100X 

A\ixm'mum 
T^ZOX 




%2 = 0.125m 



ASSUMPTIONS: f 1 ) Steady-state conditions, (2) One-dimensional conduction in x, (3 ) 
Constant properties. 

P RO P E RT I E S: Table //-/. Alum i nu m (333 K): k = 2 3 8 W/m- K. 

ANALYSIS: (a) From Fourier's law, Eq. 2.1, with A n\Y I A \n a" /4jx"\ it follows that 



faV 



= -kdT. 



Hence, since q x is independent of x. 



or 



,7 a 



:i a" 



2x' 



= -k(T-T,). 



Hence 



T = T t + 



2q, 



i 

n a"k 



(b) From the foregoing expression, it also follows that 
- a 2 k Ti T 



1 x 



23 X W/m ■ K 



q* =189 W. 



(20 lOoft 



|^(0.225) 2 (0.075)" 



in 



COMM ENTS: The foregoing results are approximate due to use of a one-dimensional 
model in treating what is inherently a two-dimensional problem. 
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PROBLEM 3.3] 



KNOWN: Temperature dependence of the thermal conductivity, k. 
FIND: Heat flux and form of temperature distribution for a plane wall. 



SCHEMATIC: 



k= k 0 +$T 





ASSUMPTIONS: < 1 } One-dimensional conduction through a plane wall, (2) Steady-state 
conditions. (.1) No internal heat generation. 

ANALY SIS: For the assumed conditions, q x and A(x) are constant and Eq. .1.21 gives 



Hence, since the product of (k 0 +aT) and dT/dx) is constant, decreasing T with increasing x 
implies, 

a > 0: decreasing (k 0 -HaT) and increasing |dT/dx| with increasing x 
a = 0: k = k 0 => constant ( dT/dx ) 

a < 0: increasing (k 0 +aT) and decreasing |dT/dx| with increasing x. 
The temperature distributions appear as shown in the above sketch. 
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^4> dx= j^o > ^)dT 




From Fourier's law. 



q"x = (k a I aT) dT/dx. 



PROBLEM 3.32 

KNOWN: Temperature dependence of tube wall thermal conductivity. 

FIND: Expressions for heat transfer per unit length and tube wall thermal (conduction) 
resistance 

SCHEMATIC: 




ASSUMPTIONS: ( 1 > Steady-state conditions, (2) One-dimensional radial conduction, (3) 
No internal heat generation 

ANALYSIS: From Eq. 3.24, the appropriate form of Fourier's law is 

. , dT . . _ . \dT 
q r =-kA r — = -k(2« rL — 
dr dr 

i i dT 
Mr lii- — 

dr 

q' t - = 2tt rk 0 (1 ■ aT)- — . 

dr 

Separating variables. 



_iki!L = k (i + a T)dT 

2/r r 

and integrating across the wall, find 



2 IT 1] 

ii n i=k c 

2tt ii 



q r =-2*k 0 



T + 



aT ; 



(T 0 -Ti) + |(T 0 2 -T2) 



-{T 0 + T; 



(T 0 -T L ) 



It follows that the overall thermal resistance per unit length is 



T- -T 



ln(r 0 /rj) 



2,-k, 



1 + |(T 0 + Ti) 



COMMENT: Note the necessity of the stated assumptions to treating q' r as independent of r. 
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PROBLEM 3.33 

KNOWN: Steady-state temperature distribution of convex shape for material with k = k 0 ( 1 

o.T> where a is a constant and the mid-point temperature is AT 0 higher than expected for a 
linear temperature distribution 

FIND: Relationship to evaluate a in terms of AT 0 and T[. T2 (the temperatures at the 
bounda rics). 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction. (3) No 
internal heat generation. (4) a is positive and constant 

ANALYSIS: At any location in the wall. Fourier's law has the form 



q^=-k 0 (1 + « T)^. 

dx 



;li 



Since q\ is a constant, we can separate Vx\ 1 1 >. identify appropriate integration limits, and 
integrate to obtain 

jftY x dx= f k 0 (l I «T)dT (2) 



"h ■ - 



t2\ ( 
a It 



aV 



T, 1 - 



We could perform the same integration, but with the upper limits at x = L/2, to obtain 

f 7 

T L '2+— ^ 



2k,- 





f 

T, 1 






j 






J 



where 



■ ATn 



(3 1 



(4 1 



(5 1 



Scttma );t| i3)ci|iiiil tn hq 1 4 j. substituting from Hcj l5) for T[ and solving for a. it 
follows that 



a ■■ 



2AT„ 



(t|+T, 2 )/2-[(T, -T 2 )/2 + AT 0 ] 2 
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PROBLEM 3.34 



KNOWN: C '(instruction and dimensions of a device to measure lire temperature ofa surface. 
Ambient and sensing temperatures, and thermal resistance between the sensing element and the 
pivot point. 

FIND: (a) Thermal resistance between the surface temperature and the sensing temperature, (b) 
Surface temperature for ' L scn = 2H..v , C.'. 



SCHEMATIC: 



Silicon I 
dioxide 




T aerl = 28.5°C 



L = 50 nm 



ASSUMPTIONS: ( I j Steady-stale conditions. (2) One-dimensional heat transfer. (3) Negligible 
narioscale effects, (4) Constant properties 

PROPERTIES: Table A.2, poly crystalline silicon dioxide (300 K); k= 1.38 W/mK.. fable A.4. 
air (300 K): k = 0.0263 W/m-K 

ANALYSIS: 

(a) At an\ \ location, heat transfer in the x-direclion occurs b\ conduction in the air as well as 
conduction in the probe Applying Fourier's law. 



, ., d 'l dl 



(1) 



Since the probe radius is r = D\/2I,. the probe area is 



A - ^r\ 2 and A a - - A - 
f 4i- 4 1 4 



'-7 



(2a, 2b) 



Substituting l!qs (2a) and (2b) into Hq. ( 1) yields 



dl" 



Separating variables and integrating. 



Continued. 
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PROBLEM 3.34 (t out.) 

x 4)k a (L - x ) + k p x 4L 2 T= ^ 4L 2 



There tore, the thermal resistance associated with the probe is 



R _ ( T surf - T itn) _ 4L f *E 

q* i© 2 J 0 k,L 2 + (k p -k 1 )x 2 

Carrying out the integration yields 

4i. J i . , IK -K 



kD 3 ^k a ik p -k a ] 
Substituting \ allies giws 



a 



4 x 50 x ] (T 9 m I 



R — 

"" jix(100x m) 2 V 0 0263 W/m 1 K x 0-38 - 0.0263) W/m ■ K 



, tm ., fi.^-o.02r>3)W/„ K_ 4 ^ y|o6 K/w 



0 0263 W/m-K 

(b) Tin- Hernial circuit is 



T„, = 28.5~C 



T surt . S\, . T„ = 25'C 

= 46 3 x10 s K/W = 5*10 8 KW 

[ I once. 

( I surf ' l-an ' _ 1 Uen 

R. 48 3 x [ff k/W 

T !lrf = (T sen -TJ-JBL + = (28.5 - 25)°C x ' ' - 28.5°C 

R T 5 x 10 s K/W 

T surf = 62.3°C 



COMMENT: I leal trans lor within the probe region will not he one-dimensional and 
modification o I heal trans ibr due to nanoseale effects may be important. However, the probe nia\ 
be calibrated by measuring the surface temperature of a large isothermal object. 
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PROBLEM 3.35 



KNOWN: Thickness and inner surface temperature of calcium silicate insulation on a steam pipe. 
Convection and radiation conditions at outer surface. 

riNI): (a) I leal loss per unit pipe length for prescribed insulation thickness and outer surface 
temperature, (hi Ileal loss and radial temperature distribution as a function of insulation thickness. 

SCHEMATIC: 



T„ = 25 °C 
ft = 25 W/m 2 K 



T su r= 25 °C 




/"1 = 0 .06 m i 
T s1 - 800 K I Sfi 

Steam 
Insulation 

1'conct 



7 a 2 . B = O B 



'*1 



'*2 



in (f2//1 ) 
2nK 



'aur 



ASSUMPTIONS: ( I ) Steady-state conditions. (2)< Ine-dimensional conduction, (?) Constant properties. 
PROPERTIES: Table A-3, Calcium Silicate (T = 645 K): k = 0.089 W/m K. 
ANAlA MS: (a) From Eq. 3.27 with T„,2 = 490 K, the heat rate per unit length is 
2*k(T Sjl -T a;2 ) 



q qi 



ln(i'2/r| ) 



, 2ff(O.OM i nv/m-K)(80t)-4'-)0)K 
q ln((l.0Xm/0,0fim) 

q' = 603 W/m . < 
(b) Performing an energy for a control surface around the outer surface of the insulation, it follows that 
Qcond - qconv + Ira it 



-T T 



I -s -T 



ln(r 2 /n)/2jrk l/(2s-nh) l/(2xrjh r ) 
where h r «t(T s< 2 _ "' sur ) ( 's".2 + 'siirj- Solving this equation for T s ,2, the heat rate may be determined 



from 



q' = 2jrr 2 [h (T s 2 - ) + h r (T s 2 -T sur )] 



Continued,. 
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PROBLEM 3.35 (Cotit.) 



and from Eq. 3.26 the temperature distribution is 

As shown below, the outer surface temperature of the insulation T l2 and the heat loss q' decay 
precipitously with increasing insulation thickness from values of T s2 = T vl = 800 K and q' = 1 1.600 
W in. respectively, at ts f| (no insulation) 




0.04 0.08 0.12 

Insulation ItilnKn&ss. ir2-N) (m) 
■ outer surface temperature 




0.04 O.OB 0.12 

Insulation thickness. ■ r2"-r 1 ■ im. 
- Heat loss, qprime 



When plotted as a function of a dintensionless radius, (r - rj).'(r 2 - 1'| ), the temperature decay becomes 
more pronounced with increasing r 2 . 



e" 

i 




0.2 0.4 0.6 0.8 

□imensionless radius, (r-r1).'Vr2-r1 ) 



r2 - 0.20m 
r2 = 0.14m 
r2= 0.10m 



Note that T(r 2 ) = T s2 increases with decreasing r 2 and a linear temperature distribution is approached as r 2 
approaches 



COMMENTS: An insulation layer thickness of 20 mm is sufficient to maintain the outer surface 
temperature and beat rate below- 1 350 K and 1O0O WV'rn, respectively. 
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PROBLEM 3J6 

KNOWiM; Temperature tint) volume ol'hot water heater. Nature oflieaier Jrtsulaltng materia! Ambient 
air temperature and convection eo efficient I tail com of electric power 

UNI); J leaier dimensions and insulation thickness tor which annual cost of heat loss is less than S50 
SCHEMATIC: 



Ambient 
air 




ASSI Ml' I lONv I I ) One-dimensional, steady-stale conduction through side and end walls. (2) 
Conduction resistance dominated hv insulation. L>1 inner surface temperature is approximated lhat of the 
water <1 t> , =55°C). (4) Constant properties, <5) Negligible radiation due to imv emissivtij Ibil covering 
on liisuiauon 

PKOPKRi'lKS: TablvAJ. I rethanc I uam ( 1 = 300 Ki. Is, = 0.02 ft W/nvk 

ANALYSIS: I n minimize heal loss, tank dimensions which muiimi/e the lolal surface area, A a .,, slionkl 
he selected With [ = fVtijgjj A s , ,tDI -l^rfy 4 v/l) - -1^/' - a 
which A s . t is at) eMremum is determined from the i 



It follows that 



D = ( 4 ^)" J and L.(iv/. T )' 

>{l. the foregoing conditions yield the desired minimum in A,,, Hence. 

ror v = i in) gai i %mm ffiM ™ y - 

t?cp- L op = U.7«4m < 
t or an annual cost (if heal Jess oi%>() and a unit electric power cost ofSU.O&Wii 

Qanninl S50.00/$0.G«/kWli = m KNft 

The energy loss rate is therelbre 

<.| *-' mlril]: ,| f{hom P^yenr) = 62?x Hv'\V~]i /|(;h<days )(24 h/day}| - 71.3 W 

Continued . 



v'./.i 
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PROBLEM 3.36 (Cont) 

The tolal heat loss through the side and end walls is 

T s,l - T « 2 ( T s,l - T ») 
q ~ ln(r 2 /r 1 ) | I " ^ , 1 

2 **Lop ll2jTr 2 L or» 

With ri = Dgp/2 = 0.392 m and r 2 - r t + 5, everything is known except for (he insulation thickness, o 
(55-20)' : C 



q = 71.3 W = - 



lit((0.392 + 6)/(i.>>2) 



2*-(0.026 W/m ■ K)0.784 m ( 2 w / m = . K ) 2ff (0.392m - 6)0.784 
2(55 - 20)° C 



(0.026 W/m- K)^(0.7«4m) 2 /4 (2w/m 2 .KW(0.784m) 2 /4 

Solving b\ trial and error yields an insulation thickness of 

8 - 25 mm < 

COMMENTS: Cylindrical containers of aspect ratio L/D _ 1 arc seldom used because of floor space 
constraints. Choosing L/D = 2, V = 7iD 3 /2 and D = (2V/tt) ly3 = 0.623 m. Hence, L = 1.245 m, n = 
0.3 12m and t 2 = 0.337 m. It lollows that q = 76.1 W and C = $53.37. The 6.7% increase in the annual 
cost of the heat loss is small, providing little justification for using the optimal healer dimensions. 
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PROBLEM 3.37 

KNOWN: Inner and outer radii of a tube wall which is heated electrically at its outer surface 

and is exposed to a fluid of prescribed h and T x . Thermal contact resistance between heater 
and tube wail and wail inner surface temperature. 

FIND: Heater power per unit length required to maintain a heater temperature of 25°C. 
SCHEMATIC: 



r 0 - 75 mm 
r;=25mm 



ASSUMPTIONS: ( 1 } Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, (4) Negligible temperature drop across heater. 

ANALYSIS: The thermal circuit has the form 

77 T °,~ T m 

-^VA * * * , ^VW" 




Ztth 



V 



Applying an energy balance to a control surface about the heater. 

q' = q a ' qb 

t _t. T -T 

q' = ■ 0 



•»jy.) , p t (l/h^D 0 ) 



(25-5)° C [25 -( 10)Jc 



In (75 mm/25 mm) ( 00] m-K ] / 1 i 00 W/m 2 ■ K x x 0. 1 5 m ] 
2/rxlO W/m-K W 1 1 

q' = (728 l 1 644) W/m 
q'=2377 W/m. 

COMM ENTS: The conduction, contact and convection resistances are 0.0] 75. 0.0 ] and 
0.021 m 'K/W, respectively. 
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PROBLEM 3J8 



KNOWN: Inner and outer radii of a lube wall which is heated dcclnirath at us outer surface. Inner and 
outer wall temperatures. Tempera lure of fluid adjoining outer wall 

FIND: JilTecl of will thermal conductivity, thermal contact resistance, and eonvecln.ni coefficient gg 
lolal heater power and heat rates lo ouler ilitid and inner surface. 



st i ii. m mm 



r n = 75 mm Yi u 
7^ = 50C • 



/y=25 mm 




1-Hr^200W/m-K 



Electrical heater, q' 
FluiT 

TT lO^fi^lOODVWrrr^K 

r„= -io°c 



rrvK/W 



1 Q 



ASSUMPTIONS: ( I j Steady-stale conditions. <2> Onc-dimensiona! eoiidueimn, (T 1 ( onstant properties. 
(4) Neyhgibte temperature drop across heater, t.5) Negligible radiaiian 

ANALYSIS: Applying an energy balance to a control surface about the healer. 



a - 



T n - T, 



Tk 

Selecting nominal values of k » 10 W,m K. R', . =0.01 m K. W and h = 100 W/'m 2 K.lhe to! lowing 
parametric variations are obtained 



2500 

8 2odd 



1 
3 



160D- 
1000- 
S0D 
D, 



— =11 



£0 



idd: 



150 

Thermal conductivity. k(W/m.t<) 



^3 
-e— qo 



JDOO 




0.02 0.04 0.06 U.QS 0.1 
Contact resistance. Rtcim.KM) 



^ 0 



Coniiime.d.., 




PROBLEM 3.38 (ConU 



20000 
1600D 
12000 

f 

40C'0 
0 



me 400 

Corwsction o)i 
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For a prescribed value of h, qf 0 is fixed, while qj , am! hence ij , increase and decrease, respectively, 
with increasing k and R| c . These trends are acH'jbuUiblc to the effects of k ami R' t c on 'he iota! 
(conduction phis contact) resistance separating 'he heater from she inner surface. For fixed k and R'j e . 
q; is |]\ed, while . ami hence q' ; increase With ftje(wB| h due to a reduction in the convection 
resistance, 

COMMENTS: For the prescribed nominal values of k, R\ x and % the electric power requirement is q' 
= 2377 W/m. To maintain the prescribed heater temperature, q' would increase with any changes which 
reduce the conduction, contact and'oi convection resistances, 
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PROBLEM 3,39 



KNOWN: Wall thickness and diameter i»f stainless steel lube. Inner and outer fluid temperatures and 
com ection coefficients 

l-'INI): (a) I leal gain per unit length of lube, (b) liiYeel of adding a 10 mm thick layer of insulation to 
outer surface of lube. 



SCHEMATIC: 

rj = 30mm 
T2 = 20 mm 
= 18 mm 

Pharmaceutical 

T fflJ = e s C 
h; = 400 W/m2-K 




/AnibtortV 



Insulation 
k lrra = 0.05 W/m-K 



r. 



ho = 6VWrn*-K q- R' . r; 



oho 



'corrv,! 



*ccnv,o 



ASSUMI'l'IONS: ( I ) Steady-slate conditions, (2) < >ne-dimensional radial conduction, (3) Constant 
properties, (4) Negligible contact resistance between tube and insulation. [:■) Negligible effect of 
radiation. 

PROPERTIES: ToNeA-1. Ss 304 (-280K): k st 14.2 W/m-K. 
ANALYSIS: (a) Without the insulation, the total thermal resistance per unit length is 

1 - '' '' 1 

v convj 1 R ccmd.st * "ccrnv.o ~ 



Rt 0t - r; 



?,Ti']hj 2,rk s 



st 



!,T]- 2 h 0 



K t,>i 



ln(20/18) 



2«(0.0]Km)4ii(] W in" K 2,t(14.2\V m-K} ^-[{\<\l<\ m )G\\ nr - K 



R ' un = ( 0.022 1 + 1 . 1 8 x 1 0 3 + 1 .33 ) m - K / W = 1.35 m-K / W 



The heat gain per unit length is then 

, X» o "Too i (23-6)°C 



r; 



tot 



1.35 m-K/W 



2 6 VV in 



(b) With the insulation, the total resistance per unit length is now R' tCll = li conv i 1 Rcmd si • Rcond ins 
+ R conv 0 , where Rj. onv j and R C0I1C [ S f remain the same. The thermal resistance of the insulation is 

Infr, f 2 ) ln(30 20) 



R cond , 



ins 



2;rk; 



- [ ■: i <>5 W m-K) 



and the outer convection resistance is now 

I I 



2^nh 0 2,t(0 o3m )o W in" K 
The total resistance is now 



.20 m-K/W 



••.SS m-K/W 



R tot - ( 



0.0221 + 1.18x1ft ■ + 1.20+0.88 



) in - K .- 



W = 2.20m- K/W 



Continued 
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PROBLEM 3,39 (t onto 



and the heat gain per unit length is 



-T r 



17 C 




Riot 



2.20 tiv K/W 



= 7.7 W/m 



COMMUNIS: ( 1 i The validity of assuming negligible radiation may be assessed tor the worst case 



27 L >K. large surroundings at T sur = T 0 = 296K, and an cmissivity of e = 0.7 (Tabic A-l 1 }. the heat 



Hence, the net rate of heat transfer by radiation to the tube surface is comparable to that by convection, 
and the assumption of negligible radiation is inappropriate. 

(2) If heat transfer from the air is by natural convection, the value of h 0 with the insulation would 
actually be less than the value for the bare tube, thereby further reducing the heat gain. Use of the 
insulation would also increase the outci surface temperature, thereby reducing net radiation transfer 
from the surroundings. 

(? ) The ei'itical radius is r cr = kj ns .-'h S mm < n. Hence, as indicated by the calculations, heat transfer 
is reduced by the insulation. 
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condition corresponding to the bare tube. Assuming a tube outer surface temperature of T s = T :t _j 



■ due to net radiation exchange with the surroundings is q^j = i:<r 



(2,Tr 2 )(T^-T s 4 )=8.1 W, 



in 



PROBLEM 3,40 



KNOWN: Diameter, wall thickness and thermal conductivity of steel lubes. Temperature of steam 
llowiim through the lubes. Thermal conductivity of insulation and emissivity of aluminum shealh. 
Temperature of ambient air and surroundings. Convection coefficient at outer surface and maximum 
allowable surface temperature. 

KIND: (a) Minimum required insulation thickness (r 3 r 2 ) and corresponding heat loss per unit 
length, |b) Id't'ecl of insulation thickness on outer surface lemperalure and heal loss. 

SCHEMATIC: 



T2 = 180 mm 
ri = 150 mm 

Steam 

Taj = 575*"C 

Stool 

=35 W/m-K 




y Aluminum 
S T, 




£ = 0.20 T wr =27°C 



>>Sjuy ho=BW/mZ-K 
Insulation 
kin = 0.10 W/m-K 



ASSUM Pl'IONS: ( I ) Steady-slate. (2)1 )ne-dimensiona[ radial conduction, {?■>) Negligible contact 

resistances at the material interlaces, (4) Negligible steam side convection resistance i I , j l s ji. (5j 
Negligible conduction resistance for aluminum sheath, (ft) Constant properties. (7) Large 
su rmundings. 

ANALY SIS: (a) To determine the insulation thickness, an energy balance must be performed at the 
outer surface, where q' = q' conVi0 + q^ d . With = 2^h 0 (\ 0 -T^ 0 ), q^d = 2tt 3 «t 

[ ] 'L 'l«, r ). q" {\i f^j-OWsi i Rconj.ins). R^vnd.st 'n{h-r))-2*ka. and R c „ niUns 
= (n (rj / 1"2 ) / Ijrkjjjj , it follows that 



2't(T s j -T Sj0 ] 



2^ 



h o ( T s,o - T oo,o ) + £(T \ T sto - T s1ir ) 



2>r(84S-323)K 



NtlS 



In (0.18: 0.15) ii < r, O.IS) 



■ 2ur 3 £fi W I m 2 ■ K ( 323 - 300 ) K + 0.20 x 5.67 x 10 8 W / m 2 ■ K 4 ^323 4 -3QQ 4 )k 4 ] 



35 W/m-K 0.10 W/m-K 

A ti'ial-and-error solution yields n = 0.3M4 m = 3 l >4 mm, in which case the insulation thickness is 



tj ns = ri = 214mm 
The heat rate is then 

2^(848- 323) K 



fn(0.18/0.15) £n (0.394/ 0.1 8) 



420 W/m 



35W/m-K o.l0W/m-K 
(b) The effects of n on T s o and q' have been computed and are shown below. 
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I* ROBLKM 3.40 (Cont.) 
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Total heat rate 
Convection heat rate 
Radiation heat rate 



Beyond rj * 0.40 m, there arc rapidly diminishing benefits associated with increasing tire insulation 
thickness. 

COMMENTS: Note that the thermal resistance of the insulation is much larger than that for the tube 
wall . For the conditions of Part (a i. the radiation coefficient is h r = 1 .37 \V7m, and the heat loss by 



radiation is less than 2>"» of that due to natural convection C *>lrsuJ '"- L h 



342 W / m 



) 



■8,0 



R cond,«t R 'oond,in 



R 'rad 1 



qoorw.o 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 3.41 



KNOWN: Thin electrical heater lilted between two concenlric cylinders, the outer surface of which 
expel i enees convection 

l-'IINI): (a) fJectrical power required to maintain outer surface; at a specified temperature, [hi 
Temperature at the center. 



SCHEMATIC: 



Thin electrical heafer 




ASSUMPTIONS: (I) < >ne-dimensional, radial conduction, (2} Steady-state conditions, 0) I lealer 
element has negligible thickness, (4) Negligible contact resistance between cylinders and heater, (5) 
Constant properties, (6) No generation. 

ANALYSIS: (a) Perform an energy balance on the 
composite system to determine the power required 

to maintain TO'2) = T s = 5 C C. 



'Melee ; koir. !l 
I sing Newton's law of cooling. 

lelec ={ lconv =h-2jr f 2 (T s T x .) 



qdec = 5ii—^—x 2/r(0.040m) [ 5-(- 1 5) f C=25 I W 
nr-K 




e/ec 



111 



< 



i: 



(b) From a control volume about Cylinder A, we recognize that the cylinder must be isothermal, that 

is, 

TfO) Jr.). 

Represent Cylinder B by a thermal circuit: 

O www\ — O — 7v + — <T> 

For the cylinder, from Eq. 3.28, 
R'B =lri r 2 /[ 'l ' -•• ^ B 

giving 

„, . „ rViVI W In 40/2(1 

T ii =T s + q R j =3 (.+231— — — - = 23.:> C 

m 2,tx l.s W/m- K 

Hence, T(0) = T(r[) = 23.5°C. < 
Note that k r \ has no influence on the temperature T(0). 
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PROBLEM 3.42 



KNOWN: Electric current and resistance of wire. Wire diameter and emissivity. Thickness, 
emissivily and thermal conductivity of coating. Temperature of ambient air and surroundings. 
I •xpression for heat transfer coefficient at surface of the wire or coaling. 

I-'INI): (a) Ileal generation per unit length and volume of wire, (bj Temperature of uninsulated wire, 
(c) Inner and miter surface temperatures ot' insulation, including the e fleet of insulation thickness. 



SCHEMATIC: 



Insulation 
kj = 0.25VWm-K 
£; = 0.90 



Tg 2, f2 = 3 mrn 
Ts,1p i"i = 1 mm 



I = 20 A 




c2> 

T m =20°C 



T 8ur = 20°C 
= 1.25[(T-T oo yD]l'* 
Wire T, P4iec = 0.01 Qhn, £ w = 0.3 




ASSUMPTIONS: ( I ) Steady-state, (2)< )ne-dimensional radial conduction through insulation, (?•>) 
C 'onslant properties, (4) Negl igihle contact resistance between insulation and wire, (5} Negligible 
radial temperature gradients in wire, (6) Large surroundings. 

ANALYSIS: fat The rales of energy generation per unit length and volume are, respectively. 
E'„ = I 2 Rolec = (2« A) 2 (0.0 ID/ m) = 4 W 



in 



< 
< 



q = E' g / A c = 4 Eg / ;rD 2 =l 6 W / m />(0.002m) 2 = 1 .27 xl0 6 W / m 3 
(b) Without the insulation, an energy balance al the surface of the wire yields 
Eg = q' = qconv + q'rad = Jr D h (T - T x ) + jr D j T 4 - T 4 ur J 

where h = 1.25 [(T-T„, )/ D |' 4 . Substituting. 

4 W .' m = 1 ,2.V7-(().()02m f 4 ( T f' 4 i x (0.002m) t>J x 5.67 x 1 (T M W rn 2 • K 4 ( T 4 ) K 4 

and a ii ial-and-etTor solution \ ields 

T = 331K. = 58°C < 
(e) Performing an energy balance al the outer surface. 

Eg = q' = qconv + q'rad =^Dh (T s>2 -T, ; ) - tt D^ct (t 4 2 - T 4 ur ) 

4 W / m = 1 ,25>T(0.006ra) 3 '' 4 (T s 2 - 293) 5M + ^(0.006m)0.9 x 5.67 xlu -8 W / m 2 ■ K 4 {l* 2 - 293 4 )k 4 

and an iterative solution yields the following value of the surface temperature 

T s,2 = 307.8 K = 34.8°C < 

The inner surface temperature may then be obtained from the following expression for heat transfer by 
conduction in the insulation. 



Continued 
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PROItLKM 3.42 (Cant.) 



, T s,i~ T s.2 T s,t~ T s,2 
q " Rcond ~ f ? n(r 2 /r 1 )/2^k i 

In ( 0.25 W / m ■ K ) ( T s>i - 3 07 .8 K ) 

T s j =3 10.6 K = 37.6°C < 

As shown below, the effect of increasing the insulation thickness is to reduce, not increase, t tie surface 
temperatures 




This behavior is due to a reduction in the total resistance to heal transfer with increasing ri. Although 
the convection, h, and radiation, h r = ;;a[ T s i i T SL11 -)( [ s ~ ? 1 l^ n - ) - coefficients decrease will] 

increasing n. the corresponding increase in the surface area is mere than sufficient to provide lor a 
reduction in the total resistance. Even for an insulation thickness of t = 4 mm, h = h + h r = (7.1 + 5.4) 
W/m 2 -K = 12.5 W/m 2 -K, and r a k/h = 0.25 W/m-K/1 2.5 W/m 2 -K = 0.020m = 20 mm > n 5 nun 
'I he outer radius of the insulation is therefore well below the critical radius. 
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PROBLEM 3.43 



KNOWN: Diameter of electrical wire. Thickness and thermal conductivity of rubberized sheath. 
< 'ontact i-esistanee between sheath and wire ( 'onveclion coefficient and ambient air temperature 
Maximum allowable sheath temperature. 

MINI): Maximum allowable power dissipation per unit length of wire. Critical radius of insulation. 
SCHEMATIC: 



Wire 

E^ fll D = 2mm \^ „■ V T w T lpli0 




Insulation, t = 2 mm -~~J\ + j)sf' T=20°C Rt,c Reand R "™ f 

k= W= W S^ h*10W/h*K 

ASSlfM PTIONS: ( 1 ) Steady-state, (2) One-dimensional radial conduction through insulation, (3 ) 
Constant properties, (4) Negligible radiation exchange with surroundings. 

ANALY SIS: The maximum insulation temperature corresponds to its inner surface and is 
independent of the contact resistance. From the thermal circuit, we may write 

t, . _ T t. ■ — T 

^, i 1 tti.L 1 ^ 1 m,i 1 to 

E e =q : 



R-eond * ^conv 



Al ( I "».° /l Hi.') /2jrk 1 ■ ( I/2OT m,o h ) 



where r ln j = D/2 = 0.00 1 in, r m „ = r ln j - t = 0.003m. and T m , = T mas = 5(J' : C yields the maximum 
allowable power dissipation. Hence. 

(50-20)°C 30X 

E = : = = 4 5 1 W ra 

,'n3 I (1.35 . 5.3l)nrK./W 

2tf x 0. 1 3 W / m K 2/r ( 0.003m) 1 0 W / m 2 ■ K 
The critical insulation radius is also unaffected by the contact resistance and is given by 
k 0.13W/m-K 



h lOW/nr-K 



= 0.()13m= 13 mm 



Hence, rj n . 0 < r LT and max could be increased by increasing rj n .o up to a value of 1 3 nun (t 12 
mm i 

COMMENTS: The contact resistance affects the temperature of the wire, and for q' = V.^ milJi 

= 4.5 1 W / m, the outer surface temperature of the wire is T wo = Tj n i +q' c = 50°C + (4.5 1 W / m ) 

^3x 10 4 m" . K.f w j, ,t( 0.002 m) = 50.2 'C. Hence, the temperature change across the contact resistance 
is negligible. 
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PROBLEM 3.44 

KNOWN: Long rod experiencing uniform volumetric generation of thermal enemy, q. concentric 
with a hollow ceramic cylindei creating an enclosure filled with air fhermal resi stance pel tinil 
length due to radiation exchange between enclosure surfaces is Rj- a j. The free convection coefficient 

2 

lor the enclosure surtaces is h 20 W in K, 

l-'INI): (a) Thermal circuit of the system that can be used to calculate the surface temperature of the 
rod, T r ; label all temperatures, heat rates and thermal resistances: evaluate the thermal resistances; and 
(b) Calculate the surface temperature of the rod. 

SCHEMATIC: 



Rod 

q = 2x10 B W/m 3 

Airspace 
h = 20 W/m^-K 
R^d = 0.30 m-K/W 




Dr= 20 mm 
D| = 40 mm 
D 0 = 120 mm 



1.75W/m-K 



ASSWM P'I'IONS: ( 1 ) Steady-state conditions, (2) One-dimensional, radial conduction through the 
hollow cylinder. (3} The enclosure surfaces experience free convection and radiation exchange. 

ANALYSIS: (a) The thermal circuit is shown below. Note labels for the temperatures, thermal 
resistances and the relevant heat fluxes 

Enclosure, radiation exchange (given): 

Rrad =°-'° m-K/W 
Fjiffasiire, tree convection 

R< 1 1 

J u-\ .rod 



r: 



h;rD r 20 W / trr >Kxo 0.020m 
I 1 



cv.cer 



= (I.W m-K/W 
0.4O K/W 



h/rDj 20 W7m 2 -Kx,Tx 0.040m 
Ceramic cylinder, conduction: 

R = 'n(Do-'Di) = fn (0.120/0.040) =|)lo 
ca 2,rk 2>r x 1 .75 \V / m ■ K 
The thermal resistance between the enclosure surfaces ( r-i) due to convection and radiation exchange 



I 



1 



1 



R,,, 



r; 



lad 



r; 



RLnc = [o3o" 



c v, rod 
1 



I K 



c\ ,cer 
-1 

m-K/W =0.24 m-K/W 



0.80 + 0.40. 

The total resistance between the rod surface [ rj and the outer surface of the cylinder (o j is 
R tot = R enc + R cd = (°- 24 + 0. 1) m K / W = 0.34 m K / W 



Continued 
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PROBLEM 3.44 (t out.) 



T r Rf*( Ti "ed T D = 25°C 

Rftf.md TJJ*^ R'cv.cer 

Tm (a) Thermal circuit 

(b) From an energy balance on the rod (see schematic) find T r . 
Ejn ~~ E ou t + Egen = ^ 
-q-qV = 0 

-(T r -Ti)/R'toi+q(*D?/4)=0 
-(T r -25)K/0.34 nv K/W^xloSv/nr' (jtxO 
T = 239°C 




(b) Overall energy balance on rod 



020m /4 



).o 



COMMENTS: In evaluating the convection resistance of the air space, it was necessary to define an 

ai erage an temperature (T , i and consider the convection coefficients feu each of the space sm faces 
As you'll learn later in Chapter correlations arc available for directly estimating the convection 
coefficient (h L >nc) toJ" the enclosure so that q c , = h L . nc (T,-- Tj). 
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PROBLEM 3.45 

KNOWN: lube diameter and refrigerant temperature- (or evaporator tfa refrigerant system ( anwctiort 
coefficient and Ecniporalurc nf outside an 



I Nil: {a > Rote ofhcai cxiraction without ftosi liirmatttfn. (b) I-ffcci offrcsst fonmaiioii on heat rate. <ci 
me required for a 2 mm lliiek ftoS! layer to melt in ambient air for whwh h 2 W,trf-K and T e 2lrX" 



SCHEMATIC; 



Jt=0.4W/mK 
p = 700 kg/m^ 
h^f = 3.34 x 

Ambient air 



Frost 



Part(c) 




!iltuns> (2) Negligible ciinveehon r^ijfKttea for 



Refrigerant 



ASSUMPTIONS: (ll< >ne-dimensional. s-tcady- 



refrigcraiH flow (T, A , T$i ) , (3) Negligible lube wall conduction resistance. (4i Negligible radiation 
exchange ai inner surface 

ANALYSIS: (a) The ending capaiah in (he defrosted condition (S = 01 corresponds m the rate of heat 
e;jctrae!i»n IVom I he airflow I knee-. 

q' = h2*r, (T„ i0 -% ) 1 00 W'/ m - . K ( 2;:, 0 . 05 rn )( -3 - 1 »)' ( ' 

q' = 47. 1 w/m < 
<b> With the froM layer, there is an additional (conduction) resistance to heat transfer, and the extraction 
rate is 



4 



I^fl4«^ l/(«2<7nj-ui(n/n)/2,7k 
for 5 i q -l 9 mm and k = OA W in K. this expression yields 




35 4 



0.001 n.j02 0.003 
Frost layer thickness, deltarm) 
Heat extraction, qprirne(Wmu 



D 004 



| 



0.4 



0:3 



0.1 



0.001 0 002 0.003 

Frost layer thickness. deSatm) 

- Conduction resistance. Rtcond(m.K.'W) 
Connection resistance, Rtconv(ra.K.'W) 



0.004 
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PROBLEM 3.45 (Cotit.) 



The heal extraction, and hence the performance of the evaporator coil, decreases with increasing fnwl 
layer thickness due to an increase in the total resistance to heat transfer. Although the convection 
resistance decreases with increasing 8, the reduction is exceeded by the increase in the conduction 
resistance. 

(c) The lime l m required to melt a 2 mm thick frost layer may he determined by applying an energy 
balance, liq. 1.1 1c, over the differential time interval dl and to a dilletential control volume extending 
inward from the surface of the layer 

E in dt = dE st =dU lat 



t m 11, 690s = 3.25 h 

COMMENTS: The tube radius n exceeds the critical radius r„ = k/h = 0.4 W/m K/'lOO W/m 2 -K = 0.004 
m. in which case any frost formation will reduce the performance of the coil. 
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h(2ffrL)(T Ki0 -T f )dt = -h sf /jdV = -h sf p(2;rrL)dr 





PROBLEM 3.46 

KNOWN: Conditions associated with a composite wall and a thin electric heater 

FIND: (a) Equivalent thermal circuit, (b) Expression tor heater temperature, (e) Ratio of outer and inner 
heat flows and conditions for which ratio is minimized, 

SCHEMATIC: 




its q 



(Ai&rd-I /n(r3/r2) 

2* s 2nk A 



ASSUMPTIONS: 1 1 ) One-dimensional, steady-state conduction, (2) Constant properties. (3) Isothermal 
heater, (4) Negligible contact resistance^ ) 

ANALYSIS: (a) On the basis ofa unit axial length, the circuit, thermal resistances, and heat rates are as 
shown in the schematic. 

<b) Performing an energy balance for the heater, E m = E ol u . it follows that 



qh(2/rr 2 ) = CLj+qo 



T h - T * 



T h - %d 



ic) From the circuit, 



2/rk B 



& |T h -y 0 ) ;r 



To reduce / q j , one could increase kp, hi. and rv'i;. while reducing k^. h n and vjrt 



COMMENTS: Contact resistances between the heater and materials A and B could be important. 
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PROBLEM 3.47 




KNOW: Electric current flow, resistance, diameter and environmental conditions 
associated witli a cable. 

FIND: (a) Surface tempera! me of bare cable, (hj Cable surface and insolation temperatures 
for a thin coating of insubtion, (c) Insulation tliickness which provide* the lowest value of the 
raaxunLim insulation temperature. Tones ponding value of rh is temperature 

SCHEMATIC: 

" t/ .-Q.QZ**'KfW 

ASSinVfPTlONS: (1) Steady-state conditions, (2) One-dime nsional conduction in r, (3) 
Constant pi opeities. 

ANALYSIS: (a)Tne rate at Which heat is transferred to the surroundings ii fixed by the rate 
of heat generation in the cable Perfomiinc an energy balance for a control surface about the 

cable, it follow that ^ i q & for the bare cable, l^L-h (g DjL)(T 5 -T T ) With 




6-l(J-*£2/ii][*294 



2*4 Wrai 

T 



h * D i ' 1 25 W.'m 2 -K jfl (0.005m) 



776.7 C 



fb) With □ thin coating of insulation, there exist contact and convection resistances to heat 
I ransfer from the cable.. The heat transfer rate is determined by heating within die cable, 
however, and therefore remains- the same. 

T s -T>. : Tj - TV 



_J RL I 

u " hjr D L L , D,L * hit DjL 
. t DjtT, -T«,.| 



T 

1 ■£ 



Rf, e lift 



, find 



0.0 



in 2 ■ K 



c 1 0.005m >[ ' ■ W 



0.04- 



m 2 



W 



Continued . 
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PROULi:i\l 3.47 (Cunt.) 

The insulation tempe rat Lire is then obtain,-!.! from 

or 

W m~ ■ K. 

R . 294— -0.02— - 



Dj L jt( 0.005 m) 



Tj =77S.7°C. 



<c) The maximum insulation temperature could be reduced by reducing t.tte resistance to heai ttansfer 
from the. outer surface of the insulation. Such a reduction is possible if Dj < D n . from Example 3.5. 

k 0.5 W/m K 
r$ = — = ^ = 0,02 m. 

» 25W/ tl rK 

Hence. D cr =ll.04m s D, = 1 1.005 ni. To minimize the maximum tern |wratu re, which exists a I 
the inner surface of the insulation, ad J insulation m the amount 
D 0 -D| Pcr-Pj (Q-"4-o.QP5)m 

2 " 2 2 

[=0.01 75m. < 
The cable surface tempeiatuie may then he obtain^) from 

- - 'klMi 

R U t ln t D er D i ) t 1 ti. 02 m~ KAV In (O 04 'it. 005) I 

' T D i W% h " D er z ( [t.wSm ) 2 ,t ( 0.5 W/m ■ K ) 



w T v -3<rc T-.10 C C 



39*4— = a ' — a 



m (l.27+0.(i6+0.32'):iSi-ppf 2.25 m 
T s -*M2.5*C 
Recoymzmy that q = lT s - T,> R,. c . fuui 

R . 2V4— A tl.02^-^- 

Tj = T< -qR u =T,-q— ^-^m&t $ ; 

1 s 4 U ;T D[L jt (O.OOSm) 

t, ±%!Mgf£i. 

COMMENTS: Use nf the; critical Jnsuiaiji.u] thickness In licit uf a thin eoaim^j has ihe effect of 
reduemy the maximum insulation temperature from 77R.7-C lo j I B 2' : < 1 ise of the critical msul 
thickness also reduces the cable surface temperature to $9*5»< ! from 778,7*4 with no msulatiim m 
from I jj$8i with a thin coating. 
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PROBLEM 3.48 

KNOWN: Saturated steam conditions in a pipe with prescribed surroundings. 

KIND: (a) Heat Joss per unit Length from bare pjpc and from insulated pipe, (b) Pay back 
period for insulation. 



SCHEMATIC: 

Steam Costs 

S4for I!)'' J 
Insulation Cost 

S I mi per meter 
Operation time: 

7500 h/vr 




Sfeam p'pe (O.Zm) 
with or without 
Magnesia (SOntffl) 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) One-dimensional heat transfer, (3) 
Constant properties, (4) Negligible pipe wall resistance, (5) Negligible steam side convection 
resistance (pipe inner surface temperature is equal to steam temperature). (6) Negligible 

contact resistance, (7) T sur = T a) . 

PROPERTIES: Table A-6. Saturated water (p = 20 bar): T sat = T S = 4S6K: Table A-3, 
Magnesia. X5"..fl * 5'OK. I k IMI5X W in K 

ANALYSIS: (a) Without the insulation, the heat loss may be expressed in terms of radiation 
and convection rates, 



q'=^D ( T("nf-T^)-h(.TD)(T;-T w ) 

q'=0.8^(0.2m)5.67xl0 -8 VV (4S6 4 -29S 4 )k 4 

nr-K 41 ■' 

W 

+20— (zx0.2m) (486-298) K 

nr K 



q'=( 1 365+2362) W/ra=3727 W/m. 
With the insulation, the thermal circuit is of the form 



4 Q' 

T * c 

'CO a W 



■red 



Jko. 



lr>(DjD)IZTfk 9' 



Continued 
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PROBLEM 3.48 (Co tit.) 

From an energy balance at the outer surface of the insulation. 

cicond - ^conv rad 

(486-T sn )K w 

— S J v =20^— jt (0.3m) (T,„-298K) 

In 0.3m, ; O.2m m 2 K ' 



+0.8 x ?.67x HI"* _^L_, T (n.3m)(T^ 0 -298 4 )lC 



-8 W 
m" ■ K 

By trial and error, wc obtain 



T so sj305K 

111 Vi llli. ll L -;iso 

(486-305) fC 
1 ln(0.3m/<l.2m) 
2; t( 0.055 W/mK) 

(b) The yearly energy savings per unit length of pipe due to use of the insulation is 
Savings _ Energy Savings Cost 



Yrm Yr. Energy 

SL1VlngS = (3727-163)-Lx3600l X 7500A x _^ 
Yf'in s-m h Yr [i> g j 

Savings 

-SjS5/Yr-m. 

Y r ■ m 

The pay back period is then 

Insulation Costs SI 00 /in 



Piiy Back Period = 



Savings/Yr. m S3 8 5 A' r mi 

Pay Back Period = 0.2d Yr = 3. 1 mo. < 

tOMMKNTS: Such a low pay back period is more than sufficient to justify investing in the 
insulation. 
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PROBLEM 3.4<J 

KNOWN: Temperature and convection coefficient associated with steam How through a 
pipe oi' prescribed inner and outer diameters. Outer surface ennssivity and convection 
coefficient. Temperature of ambient air and surroundings. 

FIND; Heat loss per unit length. 

SCHEMATIC: 

V 0 :75m 

T mi ,Z50"C 
h;=500W/m*K 




ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) Oiie-dimetrsional heat transfer, (3) 
Constant properties, (4) Surroundings form a large enclosure about pipe. 

PROPERTIES: Table A-L Steel. A1 SI loio (T » 450 K): k = 56.5 WVin-K. 

ANALYSIS: Referring to the tiiermal circuit, it follows from an energy balance on ibe outer 
;ice that 

^3T,i _ T SL1 _T S ti-T-r 0 T S Q-T sl n 



or from Eqs. 3.9, 3.2tf and 1.7. 



Jm "was 



(l/,TD,h,)- lrv(D L ,/ D,),'2irk {V,t 0^) 
523K - Tjsic 



+ ./,7T D n fT 



i-p4 -p4 \ 
'sui J 



(* * n.()6m i 501) Wuir K ) 1 + l " ( 15m } [ m (1.075m » 25 W m 2 k) ' 



H).Sjtx (0.075m) x 5.67 x 10 ~* W/m 2 ■ K 4 



T 4 0 -293 4 j 



1.07x10 



0.1 1 Hlr- +0.0(106 (1.170 

From a trial -and-error solution. T s , 0 s* 502 K. Hence the heal loss js 
DJ^T^-T^)-,^ D^T 4 ,-^, ) 



q =.t (U.075m ) 2 ? w/m 2 k ( 502 -2 V ) I < >. B * ( ft I >7 5m )5 07.|n 



i w 



m 



2 .K 4 



502 4 2^ 4 



q'= 1 2.1 1 W/m+601 f W/ni= 1 N 3 1 W/rn. * 

COMMENTS: The thermal resistance between the outer surface and the surroundings ts 
much larger than that between the outer surface and the steam. 
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PROBLEM 3.50 

KNOWN: Temperature and convection coefficient associated with steam flow through a pipe of 
prescribed inner and outer radii. Emissivity of outer surface magnesia insulation, and convection 
coefficient. Temperature of ambient air and surroundings. 

FIND: Heat loss per unit length q' and outer surface temperature T, fi as a function of insulation 
thickness. Recommended insulation thickness. Corresponding annual savings and temperature 
distribution. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant 
properties, (4) Surroundings form a large enclosure about pipe. 

PROPERTIES: Table A- 1, Steel, A1S1 ItJlOiT * 45U K): k s 5f».5 W-m-K. Table A- 3. Magnesia, K5% 
(T « 365 K): k ra = 0.055 W/m-K. 

ANAEV SIS: deferring to the thermal circuit, it follows from an energy balance on the outer surface that 



'coj J s,o 's,o 'oc.o l s,o 'sur 

■ = ! ■ 1 

^conv,i + "xond,s + ^cond,m ^xonv,o ^ rad 

or from Eqs. 3.9, 3.28 and 1.7, 

I ■ ■[■ ii || 

.'.I l s_o S.o 1 •* i S.o 'slit 

(l/l^hj I ln(r 2 /r, 1/ ' . v. I In ( . ;i /r 2 )/2*k m I l/: ; <■,] ' " ^ , . 2 2 f" 1 

m ixr^f&zy l so I L auI j I l s B + J sur J 

This expression may be solved for T sfl as a function of r 3 , and the heat loss may then be determined by 
evaluating either the left-or right-hand side of the energy balance equation. The results are plotted as 
follows. 

Continued... 
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PROBI.KM3.su (O.nt.) 



2000 



■or 
S 
| 



1E00 



1200 




















































































































1/ 

















0.035 



0.045 



0:056 D.0B5 0.075 



0.035 



IMi 0-06S 
Outer radius of insulation, r3(m) 



0.(176 



Outer radius of insulation. i3(mi 



q1 



upid decay m q' with increasing r 3 is attributable to the dominant oinlrLhulirui which the insulation 
lij tflSfe to I he total thermal resistance The msidt- eonvectinn mid lutv wall eonduelion 
resistances aw fixed <n G oum m KAY and in" 4 in-K'W. respectively, while ihe resistance of trtc- 
instilatitm increases to approximate I v 2 ni K..- W ur r, 8 07? in 

The tal less may he reduced by almost up;, from a value of approximately txj<> w.-m at g = r : 
= H.0.17? m (no insulation! m 1 72 W ni a1 rj = 0,0575 m and hy onh an additional ?»•,) if the insulation 
thickness is increased to r 3 0,077? m. Hence, an msulatton thickness of i n - rjj - 0,020 m is 
recommended, fur which q - 1 72 w-m. The corresponding annual savings (AS) in energy costs K 
therefore 



AS = [(I PQ I 72 ) w/iti]-^- i ^Oftri- ■ SrtXlf = S I f-7 ( m 

■ [jpj h 



< 



The corresponding te. 



'..listrihitinii is 




.0.03E 0.M2 



Tr 



Radial localionin insulaticn. r^ml 



The temperature i n I he insulation decreases front Tir) 15 = 52 1 K a| r - r 5 = 0,0175 m tu Tfr> = T, = ,109 
K at r r : , 0.0575 m. 



« :,.mlhuied 



COMMENTS: I (Tie annual energy and owls savings JssiviateJ wilh insulating llw steum line arc 
substantial, as is the reduction in the cutler .surface temperature i from T,^ * 502 K for r» = rj. to .109 K. for 
% = o 0515 m) 

2. The increase in R' ra( j in a maximum value ofn.M m K.'W al | - (I.U45S m jnJ the subsequent decay 
is due m the comjietiiiH effects nf h raJ «md A'; = 2xiy. Because the initial decay in Ys = fp with 
increasing r-i. and hence, the reduction Eft lw is more pronounced than Ihe increase in Aj . R^j 
increases with r,. Iluwevor. as the decay in T M . and hence li^j. becomes less pronounced. Ihe increase in 
A'\ becomes more pronounced and R^j decreases ivith increasing n. 



PROBLKMJ.St 



KNOWN: Pipe wall temperature- .and convection conditions associated with water flow through the pipe 
and ice layei Jlumatii in on the innei ^Liitaco 

FIN R: Ice layer thickness r 




ASSUMPTIONS: 1. 1 M >ne-dime-jisn>rKiJ. steady-slate conducing. {2) Negligible pipe wall thermal 
resistance. (.1) negligible ice'wall contact resistance, (4n onstani k 

ritOPKHTlKS: Table AJ.latiT = 2b5 Kn t.')4 W.'inK. 



ANALYSIS; Perfonninc an energy Manw for a control surfai» about the ice/ water I nterface. it follows 
thai, loi aunii length of pipe. 

l leotiv 

Dividing both sides of the e-s.|uauou Ivy 

t"(f2/n ) h . T *.i |.<H W/m K , 1 5 C ^ Q , ;? 

(r;7n) iM" $*,ir%i (i t KKiw/m 2 .K.)(0.ll5mj 3 S C " 

Hie equation satisfied hy r*n = 1. 1 14, itt which case f, = O.OSO rq/i.l 14= 0.045 m. and I he ice layer 
thickness is 

& = r 2 - Fj - 0.005 in - 5 mm < 

COMMENTS: With nu flow, h, > o, in whidi case- r, > II and complete blockage could occur. The 
pipe should he insulated 
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PROBLEM 3.52 

KNOWN: Inner surkkv LemperaLure of insulation hktnkoi comprised ot'hvo som i-cyl ind i ical shells of different 
materials. Ambient air conditions. 

FINDs (a) Equivalent thermal circuit, (b) Total heat loss and material outer surface temperatures. 
SCHEMATIC: 

kaiZWfmKjfrg^s-rt = SO 



4 h--25W/m*K 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial conduction, (3 
resistance Mwaii materials, (4i< onsiant properties. 
ANALYSIS: (a) The thermal circuit is, 
R conv,A = R conv,B - 1;jrr 2 l1 



ii to contact 



R cond(A) 



R cond(ll) 



ln ( r 2 /r l) 



onv,A 



A 

m(r 2 /i;) 




< 



x k 



rhu o'lkkkiii'ii resi.-.tanee-. lull. i\\ iVuin V..- lion .1.3 I and l...| 3.2H I h resistance is Liitjor b\ a factor of 2 
ih Lin the result of I ... | 3 2X due to ilio reduced area 

(b) Evaluating the thermal resistances and the heat rate (q'=C]X — q (j J , 
R conv = U x 0. Im x 25 W/m z ■ K J — 0.1 273 m ■ K/W 



R,,, 



Ki(A) 



ln(0.1m/0.05m) 

,7 2 V. Ill ■ K 



0.1 103 m ■ K/W R' cond(B ) = 8 R^ondfA) = 0.8825 m ■ K/W 



T s .l- T « 



T s,l - J x> 



R' 



q- 



d(A) 
(500-3OO)K 



I-Rconv K.' 



-r: 



eottd(B) 
(500 3()0) K 



conv 



(0.1 103+0. 1273) m- K/W (0.8825+0. 1273) m ■ K/W 
Hence, the temperatures arc 



■■ (842 + 1 98) W/m=1040 W/m. 



Ta ( 2(A)=' I im-qA R c 0 nd(A)= 500K - 842 — xO.l 103^ = + r k 



W 



T u(Bj =T S(1 -q' B R^ nd(B) -5lN)KMW^x0^25il^- 325K. 
COMMENTS: Ttie total heat loss can also be computed from q — (T s | -T^, j/R e q U j v , 



< 

< 
< 



where R 



eqtin 



( R eond ( A ) " R com .A ) ( R eond! Ei) 1 R cons . Ei J 



I 



= 0.1023 m-K/W. 



Hence q'- (500- 300) K/0. 1923 m-K/W= 1040 W/m. 
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proheem yi 

a circular rod coated with Bakeltte and adjoining fluid 
conditions. 

FIND! (a) Critical miuhuon radius, (b) Heat tran-fcs per ttnii Icngtli for bare rod and foi 
jiisiibrmn at critical radius, (c) Insula! ton thickness needed for 25% heat nite reduction. 

SCHEMATIC: 

O — vaw — 0 - 




ASSUMPTIONS: (1 } Steady-state condition*. (.2 1 ( ine-dmiensional conduction in r, (3) 
Constant properties. (4) Negligible radiation and contact resistance. 

PROPERTIES: Taiiic A-3. Bakehte (300K >: k = 1 .4 W nvK. 

ANALYSIS: (a) From Example 3.5, Ac critical radius ts 
_ k 1.4 VVmK 

[l 140 W/m K 

(b) For the bare rod, 

q'=liUD,) (T, -Tj; ) 

W 



4 =14d^ (^O.Olm) {im-25} C=770 



m 2 -K 

For the critical insulation thickness. 



'I 



(200-25) C 



I ln(r LT : : ) | in(0.oim/Q.O(i:im) 

2 ,t r c r h 2;r k 2,7 ( 0.U 1 m ) 140 W/m 2 ■ K. lx*\A W/m • K 



I 



W/m 



4 (ll. J 137+O.II7XX) m K/W 
(c) The insulation thickness needed to reduce the heat rate to 577 W/m is obtained from 

q 



< 



1-25)° C 



! 



! 



w 

: 577 — 



in 



2,tiIi 2jk 2 J T(r)l40 W'tn^ ■ K 2/rx1.4 W/m-K 



From li trial-atid-enroi solution, find 
r t 0.06 m. 

The desired insulation thickness is then 

<■> = (r - q ) * (0.0G - 0.005) m=55 min. 



< 
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PROBLEM 3,54 

KNOWN; Geometry of an oil pfifeagg tank. Temperature of stored oil and environmental 



EINI): Heaier power inquired to mamtiim a prescribed mnet surface tempera Hire. 
SCHEMA TIC; 



771 




^ r T ai --40QK 



oil m 



Pyrex m 




ASSUMPTIONS: ( ] ) Steady-state edit Ji lions, (2) Une-dniieltSJsCSW|t conduction m radial 
direction, Constant properties. f4> Negligible radiation. 

PROPERTIES: hihlc .1-3. Pyrex (3ooK): k = 1 .4 W.'m-K. 

ANALYSIS: The rate at winch heat must be supplied js equal to the ioss through the 
cylindrical and hemispherical sections. Hence, 

jNj^S *%SflH =%$ " Isphet 
or, from Eqs. 3.2 N and 3.3(\ 

Ts: i - %% Tjy - T :/ 





n(D,, D,) ] 




I 


J 1 


+ 




2/: Lk - D t1 


Lis 2jt k 


Si D c 






( 


400-300)1 






<r- 


In 1JM 




i 





2.T(2m)t.4 W.'m K .| )4 m )2m j 10 \VV m : k) 
(4UO-3O0)K 



-(l^0.W)2)m _l - 



I 



,t(|.II4iii) 2 MI Wiir-K 
100K 



2.23 <ie^ K/W + 15.311, Iff 3 t£W 4.32, llf 3 K'W + 2^.43, Ml^ 



t] = 57 05W+2%3W 
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PROBLKM 3.55 

KNOWN: Diameter of a spherical container used to store liquid oxygen and properties of insulating 
material. Environmental conditions. 

FIND: (a) Reduction in evaporative oxygen loss associated with a prescribed insulation thickness, (b) 
Effect of insulation thickness on evaporation rate. 



SCHEMATIC! 



ill 



<*mnv ^ 



Air 
Tr, - 298 K 



load 




ri =290 mm, T s i = 80K 
250=^ =300 mm, T^g 
J- Liquid oxygen, hfg = 214 kJ/kfl 
Insulation, k = 0.M016 W/m-K, e = 0.20 

t 



R t,nd 



ASM 1 MPT] ON S: (1) Steady-state, one-dimensional conduction, (2) Negligible conduction resistance of 
container wall and contact resistance between wall and insulation, (3) Container wall at boiling point of 
liquid oxygen. 

ANALYSIS: (a) Applying an energy balance to a control surface about the insulation, E m - E out =0, it 
follows that q conv + qi^ = q CO nd = L l ■ ' to-ncc. 



s,z sur 
— — -t 



•s,2 - hj 



't.conv 



R i ... 



il! 



t.eond 



v> here R, Cl , lr , - (4,-rjh) . R,., ad - [Wh r ) , R L , olld - (l/4,-k )[(]/]-, )-( l/r 2 )] . and, from [{q. 

1.9, the radiation coefficient is h r =&&(t s> 2 1 T sur J f T s ^2 + T$ UT J ■ Witht= 1 0 mm (r 2 = 260 mm), r, = 

0.2 and T K = T^ = 298 K, an iterative solution of the energy balance equation yields T B>2 » 297.7 K, 
where R tfiam = 0.1 18 K/W, R,,^ = 0.982 K/W and = 76.5 K/W. With the insulation, it follows that 
the heal jzain is 

q w * 2.72 W 

Without the insulation, the heat eain is 



■-I V. ,. 



.1 'sur [ s.l 



R 



R 



i.rad 



where, with r 2 - r b T,,i - 90 K, R,,^ = 0. 127 K/W and R tind = 3.14 K/W. Hence, 
q^= 1702 W 

With the oxygen mass evaporation rate given by rh = q/h^, the percent reduction in evaporated oxygen is 



% Re duction = — — — x 100% = w ° * x 100% 



iri.,, 



I lence. 



(1702-2.7 ) W 

■'..lieiltielM.n 1011% 

1702 W 



< 

Continued... 
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PROBLEM -1.55 (C«nt) 



(b) Usjjil lunation ( I M" compute and q $ e fundion e^ifes the anTespnndi 
q/hf e . may be doicnnmcd. Variations of q and th with n^are plotted as follows. 



n rate. Ill 




I 0 001 



E 

§ 0.0001 



IE-6 



0.25 0.26 0.27 0.28 0.23 0.3 

Outer radius of insulation, r2(m) 



0.25 0.26 0.27 0.28 0.29 0.3 

Outer radius of ireulation, r2rmj 



BSgS^ijfc ct" its oxlremely km ilierm;il c^ndLiciLvit> . significant benefits are jss(.ici;iii-d with usin^. even a 
til m layer "finMikiliori Neailv thrce-nrJei magnitude reductions in q and m arc achieved with t; ti 2d 
in Willi imfrcwnn % $ and hi decrease from values off 1702 W and ]0" J kst ; * at r : ii.25 m W 0 627 
W t ffld2»xM'r 6 kjvs at t* = CLIO m. 

COMMENTS; Laminated metal Itc-foi l/glass-mui insulations ifss cuicnwlv effective and correspond mg 
and ladiatioii 
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PROBLEM &££ 

KNOWN: Sphere of radius rjj covered with in*ulalion whose outer surface is exposed to a 
eoiivecuon process. 

I IINI>: Critical in 
SCHEMATIC: 




ASSUMPTIONS: ( I ) Steady-state conditions, (21 One-dimensional radial (spherical) 
conduction. (3> Constant properties. (4) NcghyiHe nidiation at surface. 

ANALYSIS: The heal rate follows from the thermal circuit shown in the schematic. 
q=(T, -T x l. R k , t 

where R [01 - R uonv - R uon j and 

Ri ,-,inv -— — = — &$) 





4jt h r 


1 


~l l" 


MM 


1 r 



is a maximum or Minimum, we need to find the condition for which 
-<). 



d R tol . 



Ji- 
ll to i lows thai 

_d_ 

di 



I 



J_ \_ 

<! r 



i 



I 



4ff In- 2 



J ^ J kl 

.Tk r 2 2,T'h r -<j 



•cr - ~r 



The second derivative, evaluated at v = r. 



:«ts ' s 

a i " 



dr dr 2,t k r 3 2,t h r 4 

t 1 + 3 I 



2 



,1) 



Hence, it follows no optimum R t „| exists. We refer to this coin! it ion as ihe critical insulation 
radius. See Example 3.5 which considers this situation for a cylindrical system. 




PRO 13 L KM 3.57 

KNOWN: Thickness of hollow aluminum sphere and insulation layer. Heat rate arid inner 
surface temperature. Ambient air temperature and convection coefficient. 

EIND: Thermal conductivity of insulation. 

SCHEMATIC: 



Insulation 
r t : 0.15m 

r t = 0.18m 



r s *Q30m 





ASSU MP I IONS: ( 1 ) Steady-state conditions. (2) One-dimensional radial conduction, (3) 
Constant properties, (4) Negligible contact resistance. (5) Negligible radiation exchange at 
outer surface. 



PROPERTIES: Table A-L Aluminum (523K): k * 230 W.'m-K. 
ANALYSIS: From the thermal circuit, 
„_Ti-T K _ Tj - Too 



Rtoi 



n 



I 



4.7 k 



Al 



4;t k 



Il4,7 \< 



(250-20)° C 



1/0.15-1/0.18 I/O. 1 H- 1/ 0.30 

+ ; 



4,t(2j0) 



4t k | 



30(4,t)(O.3) J 



m w 



w 



_4 0.177 23(1 

3.84x10 4 + 0.1)029- -2.875. 

k] 80 

Solving for the unknown thermal conductivity, find 



k] =0.062 W/m-K. 

COMMENTS: The dominant contribution to the total thermal resistance is made by the 
insulation. Hence uncertainties in knowledge of h or k.-\ | have a negligible effect on the 
accuracy of the k[ measurement. 
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PKOBLICM 3.5S 



KNOWN: Dimensions of spherical, stainless steel liquid oxygon (LOX) storage container. Boiling point 
and latent heat of fusion of LOX. Environmental temperature. 

FIND: Thermal isolation system which maintains boil-off below 1 kg/day. 
SCHEMATIC: ,,=0.395,,, 

r 2 = 0.40 m L ° X ' Tbp = 90 K ' = 21 3 KJ/kg 

Steel container 
Insulation 




T„=240K 

ASSUMPTIONS; (1) One-dimensional, steady-state conditions, (2) Negligible thermal resistances 
associated with internal and external convection, conduction in the container wall, and contact between 
wall and insulation, (3) Negligible radiation at exterior surface (due to low emissivity insulation selected), 
(4) Constant insulation thermal conductivity. 

PROPERTIES: Table A. I, 304 Stainless steel (T = 100 K): It, = 9.2 W/m-K; Table A.3, Reflective, 
aluminum foil- glass paper insulation (T = 150 K): k, = 0.000017 W/m-K (see choice of insulation below). 

ANALYSIS: The heat gain associated with a loss of 1 kg/day is 

q = mh fe = lk ^ day [l . 1 3 x 1 0 s i/kg) = 2.4 7 W 
- 86,400 s/day I ' J 

With an overall temperature difference of ^T^ -T^p f = 150 K, the corresponding total thermal resistance 
is 

AT 150K . 
Rtot= — =— — = 60.7K/W 
q 2.47 W 

The conduction resistance of the steel wall is 

R t rand s = — "—[—-— ] = ; —. r| ■ ] = 2.7^ 10 4 (C/W 

i.cona.s 4ffks ^ ri r2 J 4^(9.2 W/m-K) 1^0.395 m 0.40 m J 

With a typical combined radiation and convection heat transfer coefficient of h = 10 W/m ! -K, the 
resistance between the surface and the environment can be estimated as 

> Wrad = 7-T = ; ' 7 = °- 05 K / W 

11 A s 10 W.nr ■ K < 4- (0.40 m)* - 

It is clear that these resistances are insufficient, and reliance must be placed on the insulation. A special 
insulation of very low thermal conductivity should be selected. The best choice is a highly reflective 
foil/glass matted insulation which was developed for cryogenic applications. It follows that 

R, j : = 60.7 K/W = — — = ; — 

4,-rk; [ r 2 r^ ) 4,t (0.0000 I 7 w/m . K ) { 0.40 m r 3 

which yields r 3 = 0.4021 m. The minimum insulation thickness is therefore 8 = (r 3 - r 2 ) = 2. 1 mm. 
COMMENTS: The heat loss could be reduced well below the maximum allowable by adding more 
insulation. Also, in view of weight restrictions associated with launching space vehicles, consideration 
should be given to fabricating the LOX container from a lighter material. 
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PROBM-IM 



KNOWN: Diameter and surface temperature of a spherical cryoprobe. Temperature of surrounding 
tissue and effective convection coefficient at interface between frozen and normal tissue, 

[ ; [\[>; Thickness of frozen tissue layer. 

SCHEMATIC: 



Normal tissue 

T ct ~ = 37 °C 
A = 50W/hi 2 K 




Frozen tissue, k = 1.5 W/m K 



Qconv 



ASSUMPTIONS: ( I ) Onc-dimcnsiomil. steady -state conditions, (2) Negligible contact resistance 
between probe and frozen tissue, (3) Constant properties, (4) Negligible perfusion effects. 

ANAL YSIS: Performing an energy balance for a control surface about the phase front, it follows that 
Iconv ~~ Icond = ^ 

T s>2 -T s i 



[ICJKV, 



[(1/r,) (l/r 2 )]/4.,k 

k (T s , 2 -T sJ ) 



V 1 



3-1-1 



k ( T s,2 ~ T s,l) 1 .5 W/m ■ K 



30 



hl i (Tk - T s,2 ) (sow/m 2 • K J ( 0.00 1 5m) v ;,T 



(r 2 /r,) = 4.56 

It follows that r 2 = 6.84 mm and the thickness of the frozen tissue is 



S = tj —T[ = 5.34 mm 
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PROBLEM 3.60 



KNOWN: Inner diameter, wall thickness and thermal conduct ivit y of spherical vessel containing 
heal generating medium. Inner surface temperature without insulation. Thickness and thermal 
conductivity of insulation. Ambient air temperature and convection coefficient. 

FIN D: ( a) Thermal energy generated within vessel, (b) Inner surface temperature of vessel with 
insulation. 

SC."] IK VIATIC: 



Insulation 

k, = 0.04 W/m-K 

St steel wall 
It* =17 W/m-K 



Pharmaceuticals, Egan 




H = 0.50 m 
r 2 = 0-51 m 
r 3 = 0.53 m 



JLTi.i.1 



'CQ 



T ffl = 25°C 
h = 6W/hia-K 



Tf.1 

ft "ii] hW 



ASSUMPTIONS: ( I ) Steady-state, (2) One-dimensional, radial conduction, (3) Constant properties, 
( 4) Negligible contact resistance, (5) Neglect radiation due to relatively low emissivity of stainless 
steel in part (a). In part (b), insulation resistance dominates. 

ANALYSIS: (a) from an energy balance performed at mi instant for a control surface about the 
pharmaceuticals, E - q, in which case, without the insulation 



E g =q: 



(50-25)^0 



I t I 



4*k w U r 2 7 4xrh 4,T(l7W/m-K)U-50m 0.5 Im) 4 «-(o.5lm) 2 6 W /m 2 • K 



]■:, q 



25 !! C 



(l.S4 < ] 0 4 -5.10x10 2 )k/ 
lb) With the insulation. 



-4 WW 



/W 



T s,l =T« 5 +q 



4a-k w U 



4,Tk 



1 



r 3 



4,7 r, h 



T Si i = 25°C + 489W 



S4 In 



4^(0.04)^0.51 0.53 J 4 ^( 0 .53) 2 6 



_K_ 

W 



I N4 In 4 ■ 11 147 ■ 0 ii47 



— = 120°C 
W 



< 



COMMENTS: The thermal resistance associated with the vessel wall is negligible, and without the 
insulation the dominant resistance is due to convection. The thermal resistance of the insulation is 
approximately three times that due to convection. Radiation may not be negligible, and would have 
the effect of increasing the heat loss rate (for fixed inner surface temperature) or decreasing the inner 
surface temperature (for fixed heat loss rate). 
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PROBLEM 3.61 

KNOWN: Spherical tank of l-m diameter containing an exothermic reaction and is at 200°C when 

2 

the ambient air is at 25 C C. Convection coefficient on outer surface is 20 W/m' K. 

FIND: Determine the thickness of urethane foam required to reduce the exterior temperature to 40°C. 
Determine the percentage reduction in the heat rate achieved using the insulation. 

SCHEMATIC: 

Tank, T t = 200°C, r, = 0.5 m 

— 40°C <^Ambi^T ^ir^ > 

> r T ro = 25°C T, T D T m 

h = 20 w/ m 2-K — ► »-W-*^\AA-» 

Insulation, k = 0.026 W/m-K R cd R cv 

tins = r o " r t 

ASSUMPTIONS: (1) Steady-state conditions. (2) One -dimensional, radial (spherical) conduction 
through the insulation. (3) Convection coefficient is the same for bare and insulated exterior surface, 
and (3) Negligible radiation exchange between the insulation outer surface and the ambient 
surroundings. 

PROPERTIES: Table A-3, methane, rigid foam (300 K): k = 0.026 W/m-K. 

ANALYSIS: (a) The heat transfer situation for the heat rate from the tank can be represented by the 
thermal circuit shown above. The heat rate from the tank is 

T t - T K , 




R cc [ + R cv 

where the thermal resistances associated with conduction within the insulation (Eq. 3.36) and 
convection for the exterior surface, respectively, are 

R Jl/t t -l/r 0 ) = (l/0.5-l/r 0 ) = (l/0.5-l/r 0 ) r ;?/ 
cd 4irk 4xx 0.026 W/m-K 0.3267 

Rcv = r^ = — K = — 7 = 3 - 979 xl ° V K ' w 

hA s 4^-lu'o An x 20 W / m" ■ K x i~ 

To determine the required insulation thickness so that T 0 = 40°C. perform an energy balance on the o- 
node 

R c d R cv 

(200-40)K (25-40)K 



(l/0.5-l/r o )/0.3267 K/W 3.979xl<T 3 r 0 2 K/W 



r 0 = 0.5135 in t = r 0 -q =(0.5135-0.5000) m = 13.5 mni 

From the rate equation, for the bare and insulated surfaces, respectively. 

T t -T m (200-25)K 

q 0= f * la i = J= 1 = 10.99 kW 

l/4^hr t 2 0.01592 K/W 

T t - T r (200-25) 

q ins = 1( 1<g = y - 1 = 0.994 kW 

ms R cd +R cv (0.161 + 0.01592)K/W 

Hence, the percentage reduction in heat loss achieved with the insulation is. 

qins-qo xl00 = _0-994-10.99 xlQQ ^ 1% 

q 0 10.99 
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PROBLEM 3.62 



KNOWN: Dimensions and materials used for composite spherical shell. Heat generation 
associated with stored material. 

FIND: Inner surface temperature. Tj, of lead (proposal is flawed if this temperature exceeds 
the melting point). 

SCHEMATIC: 



Stainless 
sted 



Radioactive wastes 




r z =0.30m 



I III T m -10'C 



T t Pb \ St.St T s 



x n i\ _i./r_i\ 1 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions. (3) Constant 
properties at 300K, (4) Negligible contact resistance. 

PROPERTIES: Table A-L. Lead: k = 35.3 W/m-K, MP = 601K: St.St.: 15.1 W/m-K. 
ANALYSIS: From the thermal circuit, it follows that 



Ti-T a 



4 .3 



- 7i r; 



R tot 

Evaluate the thermal resistances, 

R pb =[1/(4^x35.3 W/m-K)] 

R St st =[1/(4ttx15.1 W/m-K}] 



1 



1 



0.2 5m 0.30m 
1 1 



0.30m 0.31m 



= 0.00150 K/W 



: 0.000567 K/W 



R 



conv 



1 / An y. 0.3 l"m' x 500 W/m z • K 



0.00166 K/W 



R tot = 0.00372 K/W. 

The heat rate is q=5xl0~ W/nT 1 (4?r/3)(0.25m) =32,725 W. The iimer surface 
temperature is 

T 2 = T M +R tot q=283K+0.00372K/W (32,725 W) 

Tj =405 K< MP = 60 IK 
Hence, from the thermal standpoint, the proposal is adeqtiate. 

COMMENTS: In fabrication, attention should be given to maintaining a good thermal 
contact. A protective outer coating should be applied to prevent lone term corrosion of the 
stainless steel 



< 
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PROBLEM 3.6.1 

KNOWN: Dimensions and materials of composite (load and stainless steel) spherical shell used to store 
radioactive wastes with constant heat generation. Range of convection coefficients h available for 
cooling. 

FIND: (a) Variation of maximum lead temperature with h. Minimum allowable value of h to maintain 
maximum lead temperature at or below 500 K. (b) Effect of outer radius of stainless steel shell on 
maximum lead temperature for h = 300, 500 and 1000 W/m 3 'K. 



SCHEMATIC: 



Load 



Stainless 
steal 



Radioactive war 




r-l = 0.25 m 
= 0.30 m 

r 3 ==Q.30 m 



Pb 



Fluids 

r„,-10°C 

T n St St. T, 



Afi iff 4nft»»Vn r 3 J 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant properties 
at 300 K, (41 Negligible contact resistance. 

P ROPER I I ES: Table A-l, Lead: k = 35.3 W/m-K, SS.: 15.1 W; m-K. 

ANALY SIS: (a) From the schematic, the maximum lead temperature T] corresponds to r = r u and from 
the thermal circuit, it may he expressed as 

l| I', ■ K M d 

where q = q(4/3)^i] 3 = 5 x 10 5 w/ m 3 (4*r/3)(0.25 m f - 32, 725 W . The total Ihennal resistance is 

R tot = R cond,Pb + R cond,St.St + R conv 

where expressions for the component resistances are provided in the schematic. Using the Resistance 
Network model and Thermal Resistance tool pad of IHT, the following result is obtained for the variation 
of T, with h. 



I 
I 
l" 

£ 

£ 




100 200 3Q0 400 500 600 700 000 90Q 1000 
Connection coefficient. hfW/m*2. K) 



i on tinned 
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PROBLKM 3.63 (Cont.) 

To maintain Ti below 500 K, the convection coefficient must be maintained at 

h > 181 W/m 3 -K < 
(b) The effect of varying the outer shell radius over the range 0.3 < r 3 < 0.5 m is shown below. 




D.35 04 045 

Outer radium of steel shell, r3(inj 



' h =3COVWnrr'2.K 

■ h =500Wrm*2.K 

■ h = lOOOW.'rrr^.k 



For h = 300, 500 and 1000 W/m 2 -K, the maximum allowable values of the outer radius are r 3 = 0.365, 
0.391 and 0.4O8 m, respectively. 

COMMENTS: For a maximum allowable value of Ti = 500 K, the maximum allowable value of the 
total thermal resistance is R t0 , = (Tj - T„)/q, or R tot = (500 - 283)K/32,725 W = 0.00663 KAV. Hence, any 
increase in R con d,sf>t due to increasing r 3 must be accompanied by an equivalent reduction in R mnv . 
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PKOBLKM 3.64 



KNOWN: Representation of the eye with a contact lens as a composite spherical system subjected to 
convection processes at the boundaries. 

FIND: la) Thermal circuits with and without contact lens in place, (b) Heat loss from anterior 
chamber for both cases, and (c) Implications of the heat loss calculations. 




k lt Cornea 
fej. Contact 



f[ = 10.2mm k | =0.3 5 W/m-K 

12=1 2.7mm k 2 =0. 80 W/m-K 
t i=l 6.5mm 

T Kii =37°C: h;=12 W/m 2 'K 

T Ki0 =2PC h 0 =6W/m 2 -K 

ASSUMPTIONS: ( I ) Steady-state conditions, (2) Eye is represented as 1/3 sphere, (3) Convection 
coefficient, h D , unchanged with or without Lens present, (4) Negligible contact resistance. 

ANALYSIS: (a) Using Eqs. 3.9 and 3.36 to express the resistance terms, the thermal circuits are: 



Without lens: 

With k;l\ 



^^^^^^^^ 



< 
< 



(b) The beat losses for both cases can be determined as q = (T >: j - T /: 0 }. R ( , where R t is the 
thermal resistance from the above circuits. 



Without lens: R 



t.wo 



12W/m" .K4,t 
3 



(l0.2x lO^mJ" 



4^x0.35 W/m-K 



I I 

10.2 12.7 



I 



in 



3 



6 W/nT ■ K4,t 



|l2.7xl(r'm) 



= 191 .2 K/W+ 1 3 .2 K/W+246.7 K/W=45 1 . 1 K; W 



R tw =191.2 KAV+13.2 K/W+- 



4ir x 0.80 W/m ■ K 



I 1 
12.7 16.5 



Mi 



3 



r(l6.5xl0" 3 mj 



: 191.2 KAV+13.2 K/W+5.41 K/W+ 146.2 K/W=3S6.QK/W 



6W/1TT -K4^( 

Hence the beat loss rates from the anterior chamber are 
Without lens: q wo = (37 - 2 if CMS 1. 1 KAV=35.5mW 

With lens: q w =(37 -2l)° C/356.0 K/W=44.9mW 

(c) The heat loss from the anterior chamber increases by approximately 20% when the contact 
lens is in place, implying that the outer radius, n. is less than the critical radius. 



< 
< 
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TROW. KM 3.65 



KiSOWiN: Thermal conductivity and inner and outer radii of a hollow sphere subjected to a 
uniform hent flux at its outer surface and maintained at a uniform temperature oti the inner 

MlrfaCC, 

riNI): (a) Expression for radial temperature distribution, (b) Heat flux required to maintain 
prescribed -surface temperatures. 

SC HEMA l it ; 



Pi -50mm 




r 4 -lOOmm 



ASSUMPTIONS: ( I } Steady-state conditions. (2 } One-dimetisionaj radial eonduchon, < \) 
No generation. M) Constant properties. 

ANALYSIS: (a J For the assumptions, the temperature distribution may be obtained by 
integrating Fourier's law, El]. 3.33. That is. 



4,T J l| r - 



Hence, 



T(i)=T s ,| 



df or ~M - 

4,7 r 



4* k 



or, with tj| = qy '4jt rf. 



T(r)= %j - 



1 'I 

!__!_ 

r ri 

4 'J 



flSJ Applying t!ie above result yt f*h 

k ( T >,2 " T >. I ) 10 W ill K (50- 20)' c 



q: 



t i 



t i 



0.1 Bi«5 



-3O0O W-'m"\ 



t OMMICNTS: ( I } The desired temperature distribution eouid also be obtained by solving 
Uie appropriate fomi of the heat equation. 



d_ 

dl 



3 dT 

r d7 



-.0. 



dT 



and applying the boundary conditions T( Fj ) - T± | and ~k — 



(2) Tlie negative sign on q s implies heat (ran>fer in The negative r direction. 
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rUOBLKM 3.Mi 



KNOWN; Volumetric heal generation occurring ith m the cavity of a spherical shell of 
prescribed dimensions. Convection conditions tit outer surface. 

FIND: Expression tor steady-state Temperature distribution in shell. 

SCHEMATIC: 



material, 9 




ASSUMPTIONS: ( I ) One-diinens tonal radial conduct ion, (2) Steady-state conditions, (3) 
Constant properties. (4) Uniform generation within the shell cavil V, (5.) Negligible radiation. 

ANALYSIS: For the prescribed conditions, the appropriate form of the heat equation is 



dr 



j dT 



Intemale twice to obtain. 



and 



T^-^L+C,. 
r 



I I n boundar; conditions mu\ be obtained from energ; balances al the innei and outei 
surfaces. At the inner surface tr;}, 

-q(4.'3/Tf i J )-q Clin j, J --k(4,T^)dT/Jr),. dT/drj^ — ,'3k. <3) 

At the outer surface <r D >, 

dT/dr^ = [Hr^-T^]. (41 

From Eqs. ( I ) and (3 1 Cj - -qrj* / 3k. From Eqs. ( 1 ). (2) and (4) 



l l r ," 



3kr L 7 



Hxl 



3i' n k 



C7-T; 



-x 



Hence, the temperature distribution is 



T = 



' 3k 



1 r o 



at 



, +X*. 



COMMENTS: Note that = q L . Dnd j = = q WTlV _ 
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PROBLKM 3.67 

KNOWN: Spherical tank of 3-m diameter containing LP gas at -60 o C with 250 mm thickness of 

insulation having thermal conductivity of 0.06 W/m-K.. Ambient air temperature and convection 

2 

coefficient on the outer suffice Lire 2() :: ( ' and 6 \Y nf"-K. respectively. 

FIND: (a) Determine the radial position in the insulation at which the temperature is 0°C and(b) If 
the insulation is pervious to moisture, what conclusions can be reached about ice formation? What 
effect will ice formation have on the heat eain? How can this situation be avoided? 



sen i:\ia no 




Tank, T t = -60 D C, n = 1.5 m 
T oo( r Do) = °°C ^XnbiiTntafr 

>r 1(0=2000 
r ° h = 6W/ma-K 

Insulation, k = 0.06 W/m-K 

W = 250 mm 



T t T(, Taj 



ASSUMPTIONS: ( I ) Steady-state conditions, (2) One-dimensional, radial (spherical) conduction 
through the insulation, and (3) Negligible radiation exchange between the insulation outer surface and 
the ambient surroundings. ( 4) Inner surface of insulation at T t , 

ANALYSIS: (a) The heat transfer situation can be represented by the thermal circuit shown above. 
The heal uain to the tank is 



Toe — Ti 



[20-(-60)]K 



Rins + ^cv (0.1263 + 4.33 HI 



612.4 w 



W 



where the thermal resistances for the insulation (see Table 3.3) and the convection process on the outer 
surface are, respectively, 



R 



R 



ins 



4,-k 
I I 



(1/1.50-1/1.75) 



, I 



in 



4/rx0.06 W/m-K 

I 



0.1263 K W 



cv 



hA 



s h47rr 0 2 6 W/m -K.x4/r(l.75 m) 



4.33x10 J K/W 



To determine the location within the insulation where T 0O (r 00 ) = 0°C, use the conduction rate 
equation. ft] 3 35. 



4srk(T, 



oo 



l t 



q = - 

( 1 / ij - 1 / r 00 ) 

and substituting numerical values, find 



I 4^k(T 00 -T t ) 







1 4,t WnivK(0-(-60))K 



q 

i 



I 5 m 



6 1 2.4 \Y 



1 fiS7 u 



(b) With r QO = 1.687 m, we'd expect the region of the insulation r; < r< r O0 to be filled with ice 
formations if the insulation is pervious to water vapor. The effect of the ice formation is to 
substantially increase the heat gain since ki Ce is nearly twice that of k llls , and the ice region is of 
thickness ( 1 .687 - 1 .50)m = 1 87 mm. To avoid ice formation, a vapor barrier should be installed at a 
radius lamer than r, .. , 
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PROllLKM 

KNOWN: Radius and heat dissipation of a hemispherical source embedded in a substrate of 
prescribed thermal conductivity. Source and substrate boundary conditions. 

TIN I): Substrate temperature distribution and surface temperature of heat source. 

SCHEMATIC: 




ASSUMPTIONS: ( 1 ) Top surface is adiabatic. Hence, hemispherical source in semi- infinite 
medium is cq una lent to spherical source in infinite medium (with q = X W) and heat transfer 
is one-dimensional in the radial direction, (2) Steady-state conditions, {}) Constant properties, 
(4) No generation. 

ANALYSIS: Heat equation reduces to 

±A'r£L|-o rdT/dr=q 
T(r) = -C 1 /r+C 2 . 

Boundary conditions: 

T(«o) = T fl0 T(r 0 ) = T s 

Hence, Ci =Jj and 

K ~ f - I , and Cj -r 0 (T rc -T s ). 

The temperature distribution has the form 

T(r) = T 0O +(T a -T oo )i b /T < 

and die heat rate is 

-(Ts-Toojro It 1 = k2x r 0 (T s - T ffi ) 



q=-kAdT./dr--k2-T r 2 



It follows that 

a 4 W 
T s -T m =— 3— = ■ 



k2jT 'o 125 W m K .•-[!•> ' m) 



T s = 11. 9" <2. 



COMMENTS: For the semi- infinite (or infinite) medium approximation to be valid, the 
substrate dimensions must be much larger than those of the transistor. 
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PROBLEM 3.69 

KNOWN; Critical and normal tissue temperatures. Radius of spherical heat source and radius of tissue 
to be maintained above the critical temperature. Tissue thermal conductivity. 

FIND: General expression for radial temperature distribution in tissue. Heat rate required to maintain 
proscribed thermal conditions 

SCHEMATIC: 

r Q = 0.5 mm 

Tissue 

* = 0.5W/mK 
T 6 = 37°C 

r c = 5 mm 
T C = 42°C 

ASSUMPTION'S: ( 1 ) One-dimensional, steady-state conduction, (2) Constant k, ( 3 ) Negligible contact 
resistance. 

ANALYSIS: The appropriate torn: of the heat equation is 

——I t— I i) 

r ~ dr '., dr ) 

Integrating U\ ice. 

£L-£l 

dr " r 2 




T(r)--^i + C 2 

r 

Since T T b as r — > oo, C, = T b . At r = r„, q -k J 4 -rj J dT/dij^ = Cq /r^ = -4rckCj,. 

Hence, Q = -q/4nk and the temperature distribution is 

T(r) = -3_+T b < 

y ' 4-rkr ' 

It follows that 

q = 4,Tkr[Tfr)-T b ] 

Applying this result at r = r c , 

q - 4?r (0.5 W/m ■ K ) (0.005 m) (42 - 3 7 f C -0.157 W < 

COMMENTS: At r D = 0.0005 m, T(r Q ) = [q/(4^kr 0 )] + T|, = 87°C. Proximity of this temperature to 
the boiling point of water suggests the need to operate at a lower power dissipation level. 
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PROBLEM 3.70 

KNOWN: Cylindrical and spherical shells with uniform heat generation and surface temperatures. 

FIND: Radial distributions of temperature, heat flux and heat rate. 

SCHEMATIC: 



Cylindrical shell 



Spherical shell 





ASSUMPTIONS: ( ] ) One-dimensional, steady-state conduction, (2) Uniform heat generation, (3) 
Constant k, 

ANALYSIS: (a) For the cylindrical shell, the- appropriate form of the heat equation is 

i- dr 1 1 dr f k ~ 
The general solution is 

T(r) = --5-r 2 +Cl lnr + C 2 
4k 

.Applying the boundary conditions, it follows that 

T(r2) = T St 2 = "~"j~ r 2~ " '" I r 2 ' 2 

which may be solved for 



(q/4k)(r| rf)i(T s . 2 I,. , ] 1 1 • i i 
C 2 = "T s ,2 + (q/4k)r 2 2 -C l lnr 2 



Hence, 



T(r) = T sJ ■ (q/4k)(i| -r 2 ) + [(q/4k)(r| -if ) + {T S;2 -T s>1 ) 

With q" = -kdT/dr , the heat flux distribution is 

k[(q/4k)(r|- n 2 ) + (T s , 2 -T Sil )] 



In ( r r 2 ) 



rln(r 2 /r| ) 



< 

Continued.., 
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PROBLEM 3.70 (Cont.) 

Similarly, with q = q" A(r) = q"(2itrL), the heat rate distribution is 

, 2^I-k| (q/4k)(r 2 2 r 2 j ( [„. , T sJ ) 
q(r) = *Lqr 2 * ' ■ 



ln(r 2 / ri ) 

(b) For the spherical shell, the heat equation and general solution are 

I d { j dT ^ q 
r — + — =0 

y 1 - dr { dr ) k 

TO ! (q/(>k)r 2 < , r C 2 
Applying thi. 1 boundary conditions, it follows that 

"['(n)-] S .l --(q/6k)q 2 -C 1 /r 1+ C, 



[knee, 



C 1 = [(q/6k}(r| !f).{T, 2 I. j /[l. 1/ . (l/r,)j 
t, l v2 -(q/MOrf ^< , i 2 



and 



With q" (r) = - k dT/dr, the heat flux distribution is 



q-(r)^r- 



(q/6)(r : 2 r 2 ),k(-l s . : T Sil )j 



OAl) OA:) 
and, with q = q'(W) , the heat rate distribution t 



4^q 3 
q(r)= — r 



4- [( ) ( i| - ii 2 ) + k (T s , 2 - T^i )] 



(l/r 1 )-(l/r 2 ) 
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PROBLEM 3.71 
KNOWN: Temperature distribution in a composite wall. 

KIND: (a) Relative magnitudes of intcrfacial heat fluxes, (b) Relative magnitudes of thermal 
conductivities, and (c) Heat flux as a function of distance x. 

SCHEMATIC: 




ASSUMPTIONS: ( 1 ) Steady-state conditions, {2) One-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: (a) For die prescribed conditions (one-dimensional, steady-state, constant k). 
the parabolic temperature distribution in C implies the existence of heat generation. Hence, 
■-nice df d\ itHTcu.-<c\ with decreasing x. the heal flux in < m/c-VmVi with dcavaMiiy: x 
Hence, 

However, the linear temperature distributions in A and B indicate no generation, in which 

case 

92 = 13 

(b) Since conservation of energy requires that q'^ B - and dT.'dx}^ < JT dx i, . it 
follows from Fou tier's law that 

k B >k c . 

Similarly, since - q^jj and dT/dx)^ > dT/dx)p,, it follows that 
k A ■ k :1 . 

(c) It follows that the flux distribution appears as shown below. 




COMMENTS: Note that, with dT/dx , = I), the interface at 4 is adiabatic. 
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PROBLEM 3.72 

KNOWN: Plane wall with interna] heat generation which is insulated at the inner surface 
and subjected to a convection process at the outer surface. 

FIND: Maximum temperature in the wall. 

SCHEMATIC: 



Insulation- 



5-« 




^ 









-7; 



u> 



1 1 h = 500\N/m*-K 



L'OJm 



ASSL! MPT IONS: ( ] ) Steady-state conditions, (2) One-dimensional conduction with uniform 
volumetric heat generation, (3) Inner surface is adiabatic. 

ANALYSIS: From Eq. 3.42, the temperature at the inner surface is given by Eq. 3.43 and is 
the maximum temperature within the wall. 

T 0 = qL 2 /2k+T s . 
The outer surface temperature follows from Eq. 3.46. 
T s -T r -qL/h 

\ - L )2" C+0.3 x 1 if x 0. 1 m N-'AV 1— - K= L )2°C+<iO"C=l 5lX\ 

- 3 
m 

It follows that 

T 0 - 0.3 x 1 0* 1 W/nr x (0. 1m) 2 / 2 x 2 SW/m - K+ ] 52° C 

T o -60°C+152°C=212 a C. < 

COM MF NTS: The heat flux leaving the wall can be determined from knowledge of h, T s 
and T j using Newton's law of cooling. 

qconv _ h (T s - T r _ )~ 50<l\V/'m 2 - K. ( 1 52 — 1 -)2)° C=3()kW/m 2 . 

This same result can be determined from an energy balance on the entire wall, which has the 
form 

Eg -E ou t -0 

where 

E^-qAL and E mll - q* w ■ A. 

Hence, 

qconv = qL=0.3 x 10 6 W/nr x I). lm=3f IkW/m 2 . 
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PROBLEM 3.73 

KNOWN ; Composite wall with outer surfaces exposed to convection process. 

FIND: (a) Volumetric heat generation and thermal conductivity tor material B required for special 
conditions, (b) Plot of temperature distribution, (c) Ti and T 2 , as well as temperature distributions 
corresponding to loss of coolant condition where h = 0 on surface A. 

SCHEMATIC; 

7"! =261 °C 



7" 2 =211°C 




L A = 30 mm 
L H = 30 mm 
£=25°C I-c 20 mm 

ft = 1 000 W/m 2 -K k A = 25 W/m-K 
kc=50 W/m-K 



ASSUMPTIONS: ( I ) Steady-state, one -dimensional heat transfer, (2 J Negligible contact resistance at 
interfaces, (3) Uniform generation in B; zero in A and C. 

ANALYSIS: (a) from an energy balance on wall B, 

p. - f + F = F 

'■in 'out g at 




-qf -q 2 + 2qL B = 0 



q B =(q[ + q2>/2L B . (I) 2i. e = 60lT1 

To determine the heal fluxes, q fC and q(., construct thermal circuits for A and C: 



T DS =25°C r 1 =261°C 

R'a=I-a*a 1 



7" 2 = 211°C 



T=25°C 



R h =L c fk c "con/ 



■ Mh 



ii=( T i- T «)/( 1 / 11 1 'aAa) 

q[ =(261-2S) 0 ci 



0 Mill m 



1000w/m 2 K 25W/mK 
q\ - 2.1fi"c/(().00l ■ 0.00L2)m 2 -K/\Y 
qf = 107,273 w/m 2 



^2 =( T 2- T «)/( L c/ k C ' l / h ) 

q' 2 =(211-25)° C/ 



i i J 2 1 j m 



v 50 W/ m ■ K iooow/m 2 K J 
q 2 = 186°c/(0.0004 + 0.00l)m 2 ■ k/\V 
q^B2. &5 7w/ m 2 



Using the values for qf and in fq. ( 1 ), find 

q B = ( 106, 8 1 8 + 1 32, 1 43 w/ m 2 |^2 x 0.030 m = 4.00 * 1 0 & w/ m" 1 . < 

To determine k B , use the general form of the temperature (Eq. 3.40) and heat flux distributions in wall B, 



T(x) = -^_x 2 +C lX + C 2 q; ( M k E 

2k B 



4B 



x +C 



there are 3 unknowns, C ls C 2 and k B , which can be evaluated using three conditions, 



12.3, 



Continued... 
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PROBLKM 3.73 (Cont.) 



T(+L B ) = T 2 = --^-(.L B ) 2 iC,[. B+ C 2 
- k B 



q^(- L B )=-qI = -k B | -3H.( L B ) + q 
L k B 



where T L = 26 1°C 



where T, = 211°C 



where L] j = 107,273 W/rn 2 



(4) 

(5) 
(6) 



Using [HT to solve Eqs. (4), (5) and (6) simultaneously with q B 4.00 x 10* W/m 3 , find 

b B = 15.3 W/m K < 

(b) Following the method of analysis in the I HT Example 3.6, User-Defined Functions, the temperature 
distribution is shown in the plot below. The important features are (1) Distribution is quadratic in B, but 
n on- symmetrical; linear in A and C; (2) Because thermal conductivities of the materials are different, 
discontinuities exist at each interface; (3) By comparison of gradients at x= -L a and +L H , find q 2 > qj . 

(c) Using the same method of analysis as for Part(c), the temperature distribution is shown in the plot 
below when h = 0 on the surface of A. Since the left boundary is adiabatic, material A will be isothermal 
;it I,, f ind 



"I , :vO ( 



360 ( 
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PROBLEM 3.74 



KNOWN: Dimensions and properties of a composite mjiII exposed 10 convcctivc or insulated 
conditions. 

[ [M>: (at Maximum wull temperature for left hue insulated and right fate ecnivce lively cooled. 
(b> Sketch the steady-stale lemtHTalLirc distribution ol pan (a>- (c) Sketch the -4e;tJ>->Utlc 
icntpeialure distribution with reversed boundary conditions. 

SUILMATIC: 




L A = 20 mm 
L B = 13 mm 
T. = 20'C L c - 20 mm 

h = 10W/mi-K k A = 0 24VWm-K 



— ^-i^-^L^ .| T(s 

*-x 

Casel q^SMOW/mfrq'^t^O 
Case 2 q^ = = 0, q c = 5000 W/m a 



k^O.ISVWm-K 
k^O.SOW/m-K 



ASSUMPTIONS: f 1 1 steady -stale conditions. [2 H .inc-diinensiotial !ieat IWtrQjfc?, (Jj Uniform 
volumctrk energy general ion 

ANALYSIS: 

(1 Hie heal Mm Ihrougli material* B and (. is constant and is 
if - q A U. A 1 ' ->0fi() W/m J - t! Eg m = HHi W/m 2 

"I he tlicimal resistance network thai spans from \ - I.. A to The coolant Es 



T c (x = L A + Lb) 



"Hie thermal resistances ate. 
R" lc = mm* K.'w 



L B _ 0.0 I 3 m _ () ! in' K 



f> 13 Wm.K 



W 



R 



(. on tin tied. 
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I'ROIiLKM .1.74 (t out.) 



W h lOW^.K W 
i :ic inlLiI Ikcunid i chance 

R[ w =(001 +0.1 +0.01 +0.04 + 0.1) = 0.26 

Therefore. 

TaC*=La ) = q"( R wt) + T * = 100 w/ffl2 x 0-26 — — + 20°C = 46°C 
iiLa\iiuu:i: kiupjj li1 \ n luilL iiiii> Iv c\ Liluiik'cl in ihii:^ J 4.^ n> lidlo^n 

T A (x=0) = T A (x=L A )+ ^ = 46°C + W/e,* » (0.02 
2k A 2 : i 24 W :i: k 

T A (x=0) = i nlL , - 50.2'C < 

(b) I n sketch the temperature distribution, we begin b> evaluating the temperatures shown in the 
thermal resistance network. Working from the coolant side. 

T s = T,, + q"(R( Mnv ) = 20°C + 100 W/m 2 x 0. ] m 2 ■ K/W = 31PC 

T c (x = L A - L B ) - i a + q'^R^c) = 30°C + 100 W/m 2 - 0.04 m 2 ■ K/W = 34 C C 

T B (x = L A + L B ) = T c (x = L A + L B ) + q'(R' t ) = 34°C + 1 00 W/m 2 0.0 I = 35%: 

T B (x = I. A ) - T a (x = L A + L B ) + q"(R" iWB1(ti B ) - 35°C + 100 W/m 2 - 0. 1 in 2 ■ K/W - 45 °C 

;md I'unn vlliI ia:. T A (\ 4o (. '. Tl:e tcinycmt.u c disli ibuLmi ^etched Ivkm . 

(c) Tor case 2. me heat flux in the range 0 < x < L A - I. H is zero. 1 leitee the boundary at x - L A + 
L B acts as an insulated surface for material C. Therefore, from Eq. 3.43. 



, frc _ 3QOC + 5000 W/m 3 * (0 02m) 2 _ ^ 
2k c .... 

The temperature distribution is sketched below. 



T c (x L A +L B ) T 3 ^ 2 x 0.50 W/m ■ K 



Continued... 
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PROBLEM 3.74 (Cont.) 

Wall Temperarure DtelrilxJtion 




0 0.01 0.02 0 03 0.04 0.06 

I nil 

Case i temporal: Lire distribution. 



Wall Temperture Disrributirjn 




a o.oi 0.02 C'OO o.oi oos 0.0& 
Case 2 temporal Lire distribution. 



COMMENTS: II the lie.il lltix due to conduction in tlic x -direction is zero, itic temperature 
i-jLidiL'iil. d I d\. \k /em. TI:U 1- ;i uncci coil^c jcilcc A 1 ;i.u ici \ kiw. and IioaI:- uiulcj llL 
conditions. 
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PROBLEM 3.75 

KNOWN: Composite wall of materials A and B. Wall of material A has uniform generation, while 
wall B has no generation. The inner wall of material A is insulated, while the outer surface of material 
H experiences convection co»linj: I hernial contact resistance between iho materials is 

Rj c = lO^m" ■ K / W . See Ex. 3.6 that considers the case without contact resistance. 

KIM [>i Compute and plot the temperature distribution in the composite wall. 
SCHEMATIC: 



To 

Insulation — 

q A = 1.5X1CT 3 W/m 3 - 
Ha- 75 W/m-K 

La = 50 mm 



AA T oa -30°C 

IT h = 1000 VWm*-K 

— 4„ = ° 

k* = 1 SO W/m-K 

' Lg -20 mm 



T 1A ^^ Tib 



T 1A Tib T a Tq) 



ASSUMP'I IONS: ( I ) Steady-slate conditions. (2) One-dimensional conduction with constant 
properties, and (3) Inner surface of material A is adiabatic. 

ANALYSIS; from the analysis of Ex. 3.7, we know the temperature distribution in material A is 
parabolic with zero slope at the inner boundary, and that the distribution in material B is linear. At the 
interface between the two materials, x - La, the temperature distribution will show a discontinuity. 

qLif^xM^ 0<x<L A 



T A (x): 



2 k.. 



-A J 



IB 



I li 



La <X<La +L 



li 



Considering the thermal circuit above (see also Ex. 3.7) including the thermal contact resistance, 
T IA _ T » T ]B - Too T 2 - T<n 



A 



R tot 



eonJ.B ' '^cons 



R" 

'V' ins 



find T A (0) = 147. 5°C, T iA = 122.5°C, T 1B = 1 15°C, and T 2 = 105°C. Using the foregoing equations 
in 1 HT, the temperature distributions for each of the materials can be calculated and are plotted on the 
graph below. 




COMMENTS: ( 1 ) The effect of the thermal cdfffilct resistance between the materials is to increase 
the maximum temperature of the system. 

(2) Can you explain why the temperature distribution in the material B is not affected by the presence 
of the thermal contact resistance at the materials' interface'.' 
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PROBLEM 3.76 

KNOWN: ['Line wall of thickness 21.. therm;) I conductivity k with uniform energy generation q. For 

case i, boundary at x = -L is perfectly insulated, while boundary at x = +L is maintained at T 0 = 50"C. 
For case 2, the boundary conditions are the same, but a thin dielectric strip with thermal resistance 

R'i = i). (1005 m~ ■ K/ W is in sorted at tlio mid-plane. 

FIND: (a) Sketch the temperature distribution for case I on T-x coordinates and describe key 
features; identity and calculate the maximum temperature in the walk (h) sketch the temperature 
distribution for case 2 on the same T-x coordinates and describe the key features; (c) What is the 
temperature difference between the two walls at x = 0 for case 2? And (d) What is the location of the 
maximum temperature of the composite wall in case 2; calculate this temperature, 

SCHEMATIC: 



1 



I 

q'k 



q = 5x1 0 e WM* 3 
k= 50 W/m-K 
L = 20 mm 



l>x +L Case 1 




R" t = 0-0005 m*-K/W 
T n = 50°C 



Case 2 



ASSUMPTIONS: (1 ) Steady-state conditions, (2) One-dimensional conduction in the plane and 
composite walls, and (3) Constant properties. 

ANALYSIS: (a) For case 1, the temperature distribution, Tj(x) vs. x, is parabolic as shown in the 
schematic below and the gradient is zero at the insulated boundary, x = -L. From Eq. 3.43 (see 
discussion after Eq. 3.44), 

. , , , q(2L) 2 5xl0 6 W/m 3 (2x0.020 m) 2 
Tj (-L ) - Ti (+L) = \. ; = \ . — - SO^C 



2 k 



2^ 5H W • ; m-K 



and since Ti(+L) = T 0 = 50°C, the maximum temperature occurs at x= -L, 
Ti(-L)-Ti(+L) + 80°C = 1 3 0 3 C 

(b) For case 2, the temperature distribution, T2W vs. x, is piece-wise parabolic, with zero gradient at x 
= -L and a drop across the dielectric strip, ATab- The temperature gradients at either side of the 
dielectric strip are equal. 

Temperature dbhlbuBons A T B 

ATab ^(oT 



T(x) 



Tiff» 




1 1 
1 1 

k il k 

x = 0 



Part (d) Surface energy balance 



(c) For case 2, the temperature drop across the thin dielectric strip follows from the surface energy 
balance shown above 

q'i(0)-AT A n/Rf q"x(0)-qL 

AT AB - R' t ' qL - 0.OO05 m 2 - K / W x5xHl u W in 1 x 0.(12(1 m - 50°C. 

(d) For case 2, the maximum temperature in the composite wall occurs at x = -L, with the value, 

T 2 (-L) = T t (-L)+ AT AB = 130 D C+50°C = 180 D C < 
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PROBLEM 3.77 

KNOWN: Geometry and boundary conditions of a nuclear fuel element. 

KIND: (a) Expression for the temperature distribution in the fuel, (b) Form of temperature 
distribution for the entire system. 



SCHEMATIC: 



Steel- 



i 



Nuclear fuel t kf 
Steel km 



ASSUMPTIONS: ( 1 ) One-dimensional beat transfer, (2) Steady-state conditions, (3) 
Uniform generation, (4) Constant properties, (5) Negligible contact resistance between fuel 
and cladding. 

ANALYSIS: (a) The general solution to the heat equation, Eq. 

— +-1-0 f-L<x<+L) 
dx 2 k f [ > 

is T = — — x 2 -t-Cix+C-j. 

2k f 1 2 

The insulated wall at x = - (L+b) dictates that the heat flux at x = - L is zero (for an energy 
balance applied to a control volume about the wall, E m - E Lll! i _ It}. Hence 



dT 

dx 



;--3-(-L) + C,=0 or d - -f- 

x=-l k f k r 



2k f kf 



(I) 



The value of T s | may be determined front the energy conservation requirement that 
E„ =q CO nd = Iconv or on i! iirCii basis. 



q(2L)=-S-(T s>1 -T s j ! )-h(T s>2 -T B0 ). 



Hence, 



b 

q(2Lb) 



+T, 



where T s t - 



q(21.| 



+ T„ 



q(2Lb) q(2L) 



+T„ 



Continued 
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PROBLEM 3.77 (Cont.) 



Hence from Eq. ( I 



: . mm) mm 



-T y ,-i]L 



2b 2__}_ J_ 

h 2 k f 



Hence, the temperature distribution tor f— L < X s +L] is 



— — x - — x+qL 

2k r k r 



-x 



(b) For the temperature distribution shown below. 



(-L-b)txi-L: dT/dx=0. T=T ]Ti;iX 
-L<=x£+L: | dT/dx | t with'? K 
-i-L<s<L+b: (dT'dx) h const. 




I'ROBLKM 3.78 

KNOWN: Thermal conductivity, heat general inn and ihiclenc!* utTuel clement. Thickness and 
thermal conJuutivuy .if cladding Surface eunvection conditions 

KIND: (ajTcmiVQiluiediMnbiUiun in fuel element With one surliice Insulated and the nlhci cooled by 
convection. Largest and «nalk*l temporal tires and corresponding local ions. |'ii| Same as part (a)hul 
with equivalent convection conditions at both surtax, fcjj Plot of temperature distributions, 

SCHEMATIC; 

L=15mm — I* — Si pe- b = 0.003m 




Cladding 
k, = 15W/m-K 



h-1 0,000 W/hV4< 

= 80WAn-K 



Insulated 
surface 



ASSUMPTIONS: < I ) Onc-ilimcinsiunal heal trnnsler. <2} Steady-state. <3) I iniform generation. (4) 
Constant properties, j5> Negligibk- ontitac! 

ANALYSIS: (a) From Eq. C. I . 

if j 



Si 



2 L + 2 



With an insulated surface al x = -U Eq. C.lOyields 



Ts.t-Ts. 



and with convection ai >; lib. Lq C 13 yields 
L l {T,. 2 -T yj )--qL-^-(T^-T, J ) 

Tsd-Ts^^T,:-!.,)-^ 



where!/' - h~ ' i b%. Subtracting &q l2lframE,| 1 3 1, 



2LU 



4q L" 



fcf 

Ts,2 = T* 



ML 



(4.1 



(. ontinucd 
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PROBLEM 3.78 (Cont.) 



Alternatively, this result could have been found from an energy balance on the wall which equates the 
generated heat to the heat leaving at L+b, 

2qL = U(T„ 1 2-T„) 



Substituting Kq. (4) into hq. (2) 



T S ,I =T«, + 2qL 
Substituting Eqs. (4) and (5) into Eq. (I), 



L_ J_ 

{k f + U 



Or, 



T(x) = — 3_x 2 -^x + qL 
l - 2k f k f 



T(x)-- T ^x 2 -^x+qL 



2 3_L 
lU + 2k f j 



2b 2 3 L : 
— + - — l + Tsc 



2kf kf . k s h 2 kf 
The maximum temperature occurs atx = - L and is 



Tf-L)- 2qL + — 

: k s It k. 



(5) 



(6) < 



t(-L) = 2x 2 x 10 7 W/m 3 xO.OISm 



0.00.5m 



O.i'l? in 



^ 1 5 W / in - K j 0> 000 w / m 2 . K 60 W / m ■ K . 
The lowest temperature is at x = + L and is 



+ 20O°C = 53(FC 



T( + L)- 2 — H-qL — +— + 



+ T CO =380 <5 C 



k, h 2k fj 

(b) If a convection condition is maintained at x = - 1., f:q. (.'.12 reduces to 
U(T,,-T sJ )-- q L-^-(T,, 2 -T,, 1 ) 



T T 2 LU It t \ 2i i L ~ 

T s .l "T s ,2 (T sJ -T. J- — 



Subtracting Eq. (7) from Eq. (3), 
2 LU 



ZLU/ \ 

0 ^~jT~~ ( T s,2-T w -T s ,[+T w J or 



I lence, from Eq. (7) 



T s,l = T s,2 



Cotitjn tied 
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PRO BLUM 3.78 (Co tit.) 



Substituting into Eq. (1), the temperature distribution is 



T(x)= i^( l _4^ 

2k f 1} 



i ■ 1 b 
+ qL — + — 

4 h k 



(81 



(9) < 



The maximum temperature is at x = 0 and is 
, . 2xl0 7 W/m 3 (0.015m) 2 7 i 

i in i : ■ id 1 w in- o M 15 m 

2x60W/nvK 

T(D) - .-"5 C - 90°C + 200°C = 327.5°C 
The minimum temperature atx= + I. is 



(I H!i> 111 



^ 10,000 W/m 2 -K 15W/m-K 



■ 200 < 



■' 



I 



0.003 m 



.". )W in' K ISW/m-K; 

(c) The temperature distributions are as shown. 



+ 200 <> C=290 t: C < 



o 



550 
500 
450 
400 
350 
300 
250 
200 































































































emm) 


(MM) 
















(MM) 









































-0.015 -0.009 -0.003 0.003 0.009 0.015 
Fuel element location, x(m) 

— • — Insulated surface 

— M— Symmetrical con\sction conditions 

The amount of heat generation is the same for both cases, but the ability to transfer heat from both 
surfaces for case (b) results in lower temperatures throughout the fuel element. 

COMMENTS: Nolo that tor case (a), the temperature" in the insulated ekiddniy is eonsuinl and 
equivalent to T a j = 530°C. 
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PROBLEM 3.79 

KNOWN: Wall of thermal conductivity k and thickness L with uniform generation q ; strip heater 
with uniform heat flux q" 0 \ prescribed inside and outside air conditions (h;, T^;, h 0 , T w . 0 ). 

EIN I): (a ) Sketch temperature: distribution in wall if none of the heat generated within the wall is lost 
to the outside air, (b) Temperatures at the wall boundaries T(0) and T(L) for the prescribed condition, 
(c) Value of qj,' required to maintain this condition, (d) Temperature of the outer surface, T(L), if 

q=0 but q£ corresponds to the value calculated in (c). 



SCHEMATIC: 





Wall, <2=1000Wfn* 

^\Xvside chamber 



ASSUMPTIONS: ( I ) Steady-state conditions, (2) One-dimensional conduction, (3) Uniform 
volumetric generation, (4) Constant properties. 

ANALYSIS: ( a) If none of the heat generated within [he wall is 
lost to the outside of the chamber, the gradient at x = 0 must be zero. 
Since q is uniform, the temperature distribution is parabolic, with T(L) 



>T, 



(b) To find temperatures at the boundaries of wall, begin with the 
general solution to the appropriate form of the heat equation (Eq.3.40). 

T(x)--^x 2 +C 1 x+C 2 



from the first boundary condition, 
dT 



6x 



ii 



Two approaches are possible using different forms for the second boundary condition. 
Approach No. J: With boundary condition > T (0) - T] 



(1) 



(2) 



W 2k ' 

To find Tj, perform an overall energy balance on the wall 
E in ~ E out +Eg - 0 



-h[T(L)-T^i] + qL=0 T(L) = T 2 =T^i-^l 



(3) 



14) 



Continued 
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I' ROB L KM 3.71 (C o nt.) 

and from Eq. (3) with x = L and T(L) = Tj, 

T(l) = -1l 2 + T, or T 1= T, + Al 2 =V 1+ HL + ^ 
V ' 2k 1 1 * 2k **' h 2k 

Substituting numerical values into Eqs. (4) and (6), find 

T 2 = 50°C+1000 W/m 3 x 0.200 m/20 W/ra 2 ■K=50°C+10 < 'C=60 D C 

T| = 60° C+ 1000 W/m 3 x (0.200 m) 2 / 2 x 4 W/m • K=65°C. 
Approach No. 2: Using the boundary condition 

- k £U= h [ T ( L )- T »,i] 

yields the following temperature distribution which can be evaluated at x = 0,L for the required 
temperatures, 



(5,6) 



< 
< 



(c) The value of q*-, when TfO) = J\ = 65°C 
follows from the circuit 



T, -X 



4o 



50,0 



I h, 



T a , 0 T(oh\ 



lfh 0 



q" 0 = 5 W/m 2 ■ K ( 65-25)° C=200 W/m 2 

(dj With q=0, the situation is represented 
by the thermal circuit shown. Hence, 



rr rr » 

q 0 = q a +qb 



q 0 = 

which \ telds 



.. .. .„ 

I / i < I 
+ - 



l/h 0 L/k+l/hj 



T %\ T- 



T| - 55°C. 
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P ROB1. KM 3.80 



KNOWN t Wall uf thermal conductivity k and thickness 1, with uniform generation and strip heater with 
uniform heat flux, ; prescribed inside and outside air conditions h b 0 , h„). Strip heater acts 

to guard against heat losses from the wall to the outside. 

FIND: Compute and plot and T(0) as a function of q for 200 < q < 2000 W/m 3 and T^j = 30, 50 
and 70° C. 

SC [ ] KMATIC : Shrip heater, tj" 



I Outside ^ 
\ch amber j 

/j 0 =5W/m 2 -K 




Wall, q 



L = 200 mm 




hj= 20 W/m 2 - K 



ASSUMPTIONS: | 1 1 Steady-state conditions, (2) One-dimensional conduction, (3) Uniform volumetric 
generation, (4) Constant properties. 



7(0} 



- Grad entis 



ANALYSIS: If no heat generated within the 
wall will be lost to the outside of the chamber, 
the gradient at the position \ = 0 must be zero. 
Since q is uniform, the temperature distribution T(L) 
must be parabolic as shown in the sketch. 7^ Q 

0 L x 

To determine the required heater flux q£ as a function of the operation conditions q and T^j , the 

analysis begins by considering the temperature distribution in the wall and then surface energy balances at 
the two wall surfaces. The analysis is organized for easy treatment with equation-solving software. 

Temperature distribution in the wail, T(x): The general solution for the temperature distribution in the 
wall is, Eq. 3.40, 

T(x) = - — x 2 +C,x + C 2 
2k 

and the guard condition at the outer wall, x = 0, requires that the conduction heat flux be zero. Using 
Fourier's law, 



q*(0) = -k^ =-kC,=0 

At the outer wall, x = 0, 
T(0) = C 2 

Heater energy balance, x = 0: 

'ill l: £! '.HI! 

Q + i^-q* -qj(0) = 0 



(C| o) 



(1) 

12) 



<4,o =h o (T(0)-T oo , 0 ),qx (0)=0 



(4a,b) 




x=0 



Continued... 
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PROBLEM (Cunt.) 



Sufihct.' wt™' bakmcc. x = L: 



** d^ 



■ q[. 




a — L 

4,., - itj [t<l> i;^,] 



2* 



175 



Solving Los Co throudi (7; simullauc-ously appropriate mimeriad values- and performing the 
nanimetnc the result;, are plotted helnw 




(1 600 tODO tWB 2000 
Volumetric generation rate, qdot (W/rrMi 

Tinfi = SO C 

-*— Tinfi = 50 C 
-e- Tinfi = 70 C 




1DOO 150O 2000 
Volumetric ggngraticn rate, qdot tVWn-3) 



— * — Til- 



Finfl = 30 C 

tm k so c 

tinfi = 70 C 



from the SfSj plot, the heiiter flux is a linear funehun of Ihe volumetric generation rate $ As 
expected, the higher q and 7 , , , the hit: hen he he;i( Hux required to inamta in Ihe guard onndtt ion ( q\ fff) 
= 0).. Notice tlut for any q condition, equal changes in \\ j result in equal changes in Ihe required q", 
The outer wall lemperaturiE- T(0| is also linearly dependetit iipuii | Frmn mir knowledge . i f I ho 
temperature distribution, it follows thai fonmy q condition, the outer will lempeiature r<)i| will track 
changes in | , A 
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I'ROIJLFM $81 

KNOWN: Piano wall with prescribed nonuniform volumetric generation having one 
boundary insnLsled and the other isothermal. 

FIND: Temperature distribution. T(x). til terms ofx. L. k. q 0 and T 0 . 
St HFMATK : 




Insn/a+ion 



ASSUMPTIONS; ( ] ) Steady-state jeiafcditions, (21 One-dimensional conduction in \- 
direction, (3) Constant properties. 

ANALYSIS: Tire appropriate form the heat diffusion equal ion is 

A£LLi- 0 
Mm k * 

Noting that q -q( x ) - q 0 ( 1 - x L j . substitute for q( x ) into the above equation, separate 
variables and then tnteL'rate. 



i!I]-_Si|,-±"dx £L-_k 

dx I k I L I dx k 



2L 



■ v 



Separate variables and integrate again to obtain the general form of the temperature 
distribution in the wall. 



dT- 


tffi 

k 


x 2 " 

x 

2L 


dx+C]dx 


y the 




an/ cond 


tions at \ 


T(()) = T 0 


-^L(0-0) + C, 


L 








dT" 






i* 

L-— 


dx 


— 


k 


2L 



% 1 ■ *~ 



6L 



-C|\+C 2 . 



•o 



i-C| hence. C| = 



2k 



Tlie temperature distribution is 
2 6L 



COMMENTS: li is good praetiee to test the final result for satisfying BCs. The heat 
x =0 can be found Using Fourier's law or from an overall energy balance 



< 

flux at 



Eout ~ Eg " fj'qdV 



to obtain q", ut -ti L1 L/'2. 
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mOLiULM 3.82 



KNOWN: Distribution of volumetric heating and surface conditions associated with a quartz 
window. 

KIND: Temperature distribution in the quartz. 
SCHEMATIC: 




Quarfz window (k) 

III ^,7"co 

9(x)=(l^)9^e~ 0<x 



ASSUMPTIONS: ( 1 ) Steady-state conditions, {2) One-dimensional conduction, (3) 
Negligible radiation emission and convection at inner surface (x = 0) and negligible emission 
from outer surface, (4) Constant properties. 

ANALYSIS: The appropriate form of the heat equation for the quartz is obtained by 
substituting the prescribed form of q into Eq. 3. 39. 

d 2 T g(l-/J)qo 



-e" ax = 0 



d.v" 



Integrating, 

dT | (l-//)q^ ^ s 
dx k 

Boundary Conditions: 
Hence, at x = I): 



T = _(W0 - e -«x +c +c 
ka 



k dT/dx) x=0 =jf?q£ 
IT/dx) 



k dT/dx)^ L =h[T(L)-T„] 



At x =L: 



I Til 5 " 



+ C 



C[--qo/k 
(!-/») 



-h 



Substituting for C [ and solving for Ci, 



1 ' ' Ik ka 



Hence, 



T(x) 



+ ^(L-x}-^L|l-(l-/;)e-" L | + T.,.' 



C'OMMKNTS: The temperature distribution depends strongly on the radiative coefficients, 
(X and [k For a — > * or (5 = 1. the beating occurs entirely at x = 0 (no volumetric beating). 
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PUOBI.KM 3.83 



KNOWN: Radial distribution of heat dissipation in a cylindrical container of radioactive 
wastes. Surface convection conditions. 

KIND: Radial temperature distribution. 

SCI 1 1: MA TIC: 




conv 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, (4) Negligible temperature drop across container wall. 

ANALYSIS: The appropriate form of the heat equation is 



1 iLf [•£!" 

r dr I, dr , 



± 

k 



So 
k 



>4 

F D J 



dl 



2k 4kr 



Soil. V_ + C] | Ilr+C2 . 



From the boundary conditions, 

" 0 = o^c 1= o 



dr 



4k [6kr,t 



k £ K=h[T(r 0 )-T yj )] 



h 



C 



2 4 



■+ — +C2-TO) 



4k 



10k 



4h 



I Ok 



Hence 



T(r) = T a) + 



4h k 



3_ j_ 

16 4 



v'o; 



I,, 



COMMENTS: Applying the above result at r 0 yields 

's -T(ro)-^ + (qc'o) /4h 

The same result may be obtained by applying an energy balance to a control surface about the 
container, where Eg = qconv ■ The maximum temperature exists at r= 0. 
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V ROBl. KM 3.84 



KNOWN: Cylindrical shell with uniform volumetric generation is insulated at inner surface 
and exposed to convection on the outer surface. 

KIND: (a) Temperature distribution in the shell in terms of i], r 0 . q, h, T r and k. (b) 
Expression for the heat rate per unit length at the outer radius, q'(r 0 ). 

SCHEMATIC: 

nr\ - 




or > r . 



j =G t insuiated boundary 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) One-dimensional radial (cylindrical) 
conduction in shell, (3) Uniform generation. (4) Constant properties. 

ANALYSIS: (a) The general form of the temperature distribution and boundary conditions 
a re 



T(r) = -^-r 2 +C| lnr+C 2 

atr = r;: *L) =0 = _± r[+Ci ±+o q=i-r- 2 



dl 



2k 



2k 1 



at r r, 



JT 



- k - — | - h |~T ( r 0 ) — T x "j surface energy balance 



-k 



2 k 



_q_ t .2 J_ 

& 1 h 



i^(^)K + c rToo 



2h 



2k 



\ T 0 / 



In r,, 



Hence, 



y ' 4k \ 0 ! 2k 



r 



-2- I 

2h 



1 ' 



4k '. / 2k 

(b) From an overall energy balance on the shell, 

q'r(r 0 ) = Eg =qa-^ t f-tf]. < 
Alternatively, the heat rate may be found using Fourier's law and the temperature distribution. 



q' r (r)--k(2jr r 0 )^ | -In kr 0 



2k 2k r 0 



L T ( r o 2 - r , 2 ) 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBI.KM 3.85 



KNOWN: The solid tube of Example .1.8 with inner and outer radii, 50 and 100 mm, and a thermal 
conductivity of 5 W/m-K. The inner surface is cooled by a fluid at 30°C with a convection coefficient 
of 1000 W/m 2 -K. 

TIM): ( alcuhite li li J plot the Lempernture distributions lor volumetric generation mtes of I 10" . 5 ■ 
10 5 , and 1 x 10 6 W/m 3 . Use Eq. (7) with Eq. (10) of the Example 3.8 in the IHT Workspace. 



SCHEMATIC: 




q = 1x10 s , 6x10 s , 1x10«WAn3 
k = 5 W/m-K 



h= 1000 W/m 2-K 

q ■ 6Q mm 

r 0 ■ 10D rum 

ASSUMPTIONS: ( I ) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant 
propoi lies :.w\:\ i4i I "mlorm U'lumetnc generation 



in 



ANALYSIS: From Example 3.8, the temperature distribution in the tube is given by Eq. (7), 
T(0-T s ,-i(^>' 2 )-i.M^ 

The temperature at the inner boundary, T Sj i, follows from the surface energy balance, Eq. (10), 

a -q(r 2 2 -r l 2 )-h2 J rr l (T S(1 -T a5 ) (2) 

5.3 

Vox the conditions prescribed in the schematic with q - 1 x 1 0 W / m" , |{i|s. ( I ) and ( 2 ), with r r| 

and T(r) = T^i , are solved simultaneously to find T^ = S9.3°C. Eq. ( I ), with T S) 2 now a known 
parameter, can be used to determine the temperature distribution, T(r). The results for different values 
of the generation rate are shown in the graph. 

Effect of generation rate on temperature distributions 

500 ■ 




60 70 BO 90 100 

Radial location, r(mm) 

qdot= 1e5 Wvn'-'i 

-*- qdot = 5eS Wrtn*3 
-*- qdot= 1e6 Wifti" i a 

COMMENTS: ( 1 ) The temperature distributions are parabolic with a zero gradient at the insulated 
outer boundary, r - r> The effect of increasing q is to increase the maximum temperature in the tube, 
which always occurs at the outer boundary 

(2) The equations used to generate the graphical result in the IHT Workspace are shown below. 

The temperature distribution, from Eq. 7, Example 3.8 
T_r = Ts2 + qdob'(4*k) * ir2 A 2 - r"2) -qgot I (_2'kl * r2"-2*ln ir2k) 
li Ttie temperature at the inner surface, from Eq 7 
Ts1 = Ts2 + qdot / (4"k) * ir2 A 2 - M A 2) - qdot I (2*k) * r2 A 2 * In (r2/r1) 

The energy balance on the surface, from Eq. 10 
pi * qdot * (r2 A 2 - r1 A 2) = h * 2 * pi * r1 * (Ts1 - Tint) 
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PROBLKM 3.86 



KNOWN: Diameter, resistivity, thermal conductivity, emissivity, voltage, and maximum temperature 
of heater wire. Convection coefficient and air exit temperature. Temperature of surroundings. 

TINT): Maximum operating current, heater length and power rating. 

SCHEMATIC: 

Sub T « = 500C , 



, - - - . 



Nktiroma wins 
D = 1 mm, L 
Po= 10 -6 fl-m 

k=25VWm-K 
z = 020 
Tfihh = 1200°C 




V = 110V 



T B "1200°C 
To = T|nmi 



ASSUMPTIONS: ( [ ) Steady-state, (2) Uniform wire temperature, (3) Constant properties, (4) 
Radiation exchange with large surroundings. 

ANALYSIS: Assuming a uniform wire temperature, T max = T(r = 0) = T 0 » T B , the maximum 
volumetric heat generation may be obtained from Eq. (3.55), but with the total heat transfer 
coefficient, h t = h + h r , used in lieu of the convection coefficient h. With 

h r =tfj(T 3 +T sur )(T s 2 -T^tJ- 0.20/5.67/10 8 W/m 2 ■ K. 4 ( I47.i +.52.1) K. |l47_l 2 +32j) K. 2 -46_?W/ra 2 -K 



h, - ( 2?o + 46.3) W / nr ■ K - 296.3 W / m • K 



2(296.3 W/m 2 • k) 

a -i_L(T -T )-— '- 

Hmax _ { l s '»| n „„„_ 

r„ 0.0003 m 



(1150°C) = 1.36xl0 9 W/m 3 



1 lenee, with 



1, 



I 2 R, _ \ 2 (p e L/A c ) _ ] 2 p s _ \ 2 p s 

. 2 

,tD 2 /4| 



'■I max 



1/2 



■ 



1.36x 10 W/m 



3 



10 u Q in 



.-[•:> 001m )" 



2'J (LA 



< 



Also, with AE = 1 R e = I (p e L/A c ), 

\l A; . nn\ ,(o.....:. : .; : -4 



L=- 



Imax^e 29.0 a|j0 6 fimJ 
and the power rating is 

P da - - AE - l nm - 1 1 0 V ( 29 A) - 3 1 90 W -3.19 kW 



< 



< 



COMMENTS: To assess the validity of assuming a uniform wire temperature, Eq. (3.53) may be 
used to compute the centerline temperature corresponding to and a surface temperature of 



1200°C. It follows that T Q =-^_ + T a 

4 k 



1.36s 10 9 W7 m (0.0005m) 2 



+ 1200T = 1203T. With only a 



4(25W/m-K) 

3 ( tern perature J 1 lie re nee betw ee n the cente rime a nd surface i > I' the wi re. the; assumption is £ xi -elk wi 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 




PROBLEM 3.87 

KNOWN; lincrgy general ion in an aluminum-clad, thorium fuel rod under specified operating 
conditions. 

FIND: (a) Whether prescribed operating conditions are acceptable, (b) Effect of q and h on acceptable 
operating conditions. 

SCHEMATIC; 

Aluminum 
cladding 

D = 0.025 m 



Thorium 
fuel TQd,q 

Coolant 
A,T„= 95 °C 

ASSUMPTIONS: [ I ] ( >rie-dimensioiuil conduction in r-direction, (2) Steady-state conditions, (3) 
Constant properties, (4) Negligible temperature gradients in aluminum and contact resistance between 
aluminum and thorium. 

PROPKRTIES; Table A-l, Aluminum, pure: MP. 9?-?, K; Table A-L Thorium: M.P. 2023 K. k * 
60 W/m-K. 

ANALYSIS: (a) System failure would occur if the melting point of either the thorium or the aluminum 
were exceeded. From Eq. 3.53, the maximum thorium temperature, which exists at r = 0, is 

. 2 

T<0l = ^i T s =T- ni . mas 

where, from the energy balance equation, Eq. 3.55, the surface temperature, which is also the aluminum 
temperature, is 

s * 2h At 

I [once, 

T „, e „ 7xl0 8 w/m 3 x0.O125m _„„ 
[ y =T S = 95 C + i— = 720 C = 993K 

I4JIOO \\/ m 2 K 



'Th.max 



7 x 10 8 w/ nr 1 (0.0125m) 2 ^ 

£ £--h993K = 1449K < 

4x60W/mK 



Although T-riyiax < M.P.Tb and the thorium would not melt, > M.P. a l and the cladding would melt 
under the proposed operating conditions. The problem could be eliminated by decreasing q or r D , 

increasing h or using a cladding material with a higher melting point. 

(b) Using the one-dimensional, steady-state conduction model (solid cylinder) of the 1HT software, the 
following radial temperature distributions were obtained for parametric variations in q and h. 

Continue 
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PRO HI, KM 3.87 (Cont.) 





1600 




1600 - 


2 


1400 - 


H 




ffl" 


1300 - 


i peratu i 


1200 - 


1100 - 


t 


1000 - 




900 - 




BOO - 




0 0.002 0.004 0.006 0.006 0.01 0.012 0.014 
Radius, r[m) 

-a- h = 1OOO0 W.'hl"2.K, qdot = 7ES VWm"3 

h = 1OOO0W.<m"2.K, qdot = 6EavWnV3 

-ft- h = 1OOO0 WAn*2.K, qdot = 9E9 W/m"3 



0.002 0.004 0.006 0.006 0.01 0.012 0.014 
Radius. r[m) 

- qdot = 2E8. h = 2000 W.'m"2.K 

- qdot = 2E8, h = 3000 W.'m"2.K 

- qdot = 2E8, h = 5000 W/m"2.K 

- qdot = 2E8. h = 10000 W/m*2.K 



For h = 10,000 W/m ! 'K_, which represents a reasonable upper limit with water cooling, the temperature of 
the aluminum would be well below its melting point for q = 7 x 10 s W/m 3 , but would be close to the 
melting point for q = 8 x 10 s W/m 3 and would exceed it for q = 9 x 1 0 s W/m 3 . Hence, under the best of 
conditions, q ?7« 10 s W/m 3 corresponds to the maximum allowable energy generation, f lowever, if 
coolant flow conditions arc constrained to provide values of h ■• 10,000 W. m'-K., volumetric heating 
would have to be reduced. Even for q as low as 2 x 10 s W/m\ operation could not be sustained for h = 
2000 W/m 2 -K. 

The effects of q and h on the center! ine and surface temperatures are shown below. 




2.3E8 4.6E8 6.4ES 8.2E8 1E 
Energy generation, qdot (W/m A 3) 

■ h = 2000 Wfm«2.K 

■ h = 5000 Wlm"2.K 

■ h= 10000 W/m*2.K 



i- 




2.3E8 4.6E8 6.4ES 8.2E8 
Energy generation, qdot (W/m*3) 

h = 2000 W/rn*2.K 
• h= 6000 Wiftl*2.K 
h= 10000 Witn*2.K 



For h = 2000 and 5000 W/m 3 'K., the melting point of thorium would be approached for q *4,4x 10 s and 
8,5 x 10 s W/m 3 , respectively. For h = 2000, 5000 and 10,000 W/m 2 -K, the melting point of aluminum 
would be approached for q * 1.6 x 10 s , 4.3 x 10 s and 8.7 x 10 s W/m 3 . Hence, the envelope of acceptable 
operating conditions must call for a reduction in q with decreasing h, from a maximum of q * 7 x 10 s 
W/m 3 for b = 10,000 W/m 2 -K. 

COMMKNTS: Note the problem which would arise in the event of a loss of coolant, for which case h 
would decrease drastically. 
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PROIiLKM 3.88 

KNOWN: Radii and thermal conductivities of reactor fuel element and cladding. Fuel heat generation 
rate. Temperature and convection coefficient of coolant. 

FIND: (a) Expressions for temperature distributions in fuel and cladding, (b) Maximum fuel element 
tenipoi'iituro for prescribed conditions, [O 1-iJ'toct of h on temperauire distribution 

SCHEMATIC: 




(fl .7' W 1 



1 a" 



Fuel 
element 



(kf = 2 W/m-K, if = 2x1 0 8 W/m 3 ) 



Cladding 
(Jfe = 25W/m-K) 



ASSUMP HONS: (1) Steady-state conditions, (2) One-dimensional conduction, (?) Negligible contact 
resistance, (4) ( 'onslant properties 

ANALYSIS: fa) From Eqs. 3.49 and 3.23, the heat equations for the fuel (f| and cladding (c) are 



1 d f dT r ^ 



rdrl. dr ) 
Hence, integrating both equations twice, 



(0<r< ri ) 



1 d ,'" JT. 

1 1 

r dr \ dr 



0 ( q < r < r 2 } 



dTf _ qr ^ Ci 

dr 2kf kf r 



Tr= _^i + a lnr+ c 2 

4k f k f 



dr k c r 



T r = -^-lnr + C 4 

k, 4 



The corresponding boundary conditions are: 
Jl r /Jr) r=0 =0 

dr ; r=ri dr J r=1 . 



"ii-(q)-ic(>i) 

dT^ 



-k r 



dr 



(1=2) 
(3,41 

(5,6) 
(7,8) 



Note that Eqs. (7) and (8) are obtained from surface energy balances at ri and r 2 , respectively. Applying 
Eq. (5) to Eq. (1), it follows that Ci =0. Hence, 

qr 2 

Tf=--J- +C 2 (9) 

4kf 

From Eq. (6), it follows that 



4k f k c 



(10) 
Continued... 
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Also, from Eq. (7), 
qr L = _C 1 
2 " n 



I' ROB I, KM 3.88 (Cont.) 



c 3 =-— 



(III 



c 3 



Finally, from Eq. (8), — — = h 
i'2 



or, substituting forQ and solving for C 4 



(.4 =-^J— ■ -^J-Inn 1 T.j.. 
2r 2 h 2k c 

Substituting Eqs. (11) and (12) into ( 10), it follows that 
qrj 2 qrflnri qrf qrf 



4k, 



'I 



In — 



c _ qrf , 

1 4k f 2k c q 
Substituting Eq. (13) into (9), 



2k c 2r 2 h 2k c 
_2 _ .2 



■In h 



ZL 

lr 2 b 



1 f 



T ^ ( r 2 r 2 ^ , In ] ' 2 , JUL I 



2k r 



2r 2 h 



Substituting Eqs. (11) and (12) into (4), 
qrf , r ? qn 



2k r 



2r 2 h 



(b) Applying fq. (14) at r = 0, the maximum fuel temperature for h = 2000 W/m -K is 

\2 



. . 2 x 10 8 w/m 3 x (0.006m) 2 2xlO S W/m 3 x(0 
T f (0) = i —+ 



4x2W/m-K 2x25W/m-K 
2xl0 8 w/m 3 (0.006 m) 2 



006 in)" , 0.009m 

Ill 

11 (!(!(>m 



2 x (0.009m) 2000 w/m 2 ■ K 



1 300 K 



T f (0) = (900 + 58.4 + 200 + 30O)K.= 1458 K. . 
(c) Temperature distributions for the prescribed values of h are as follows: 



(12) 



(13) 
M4)< 
(15)< 




0.001 0.002 0.004 O.OOS 0.006 
Radius in fuel clement, r[m) 

■ h = 2000VWm*2.K 

■ h = 5000VWm"2.K 

• h = 100OO W/m"2.K 



2 
a 




0.007 0.00a 
Radius in cladding. n:mj 

■ h = 2000 W/m "-2.K 
• h =5000 W/m*-2.K 

■ h = 10000 W/m*2.K 



Continued- 
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V ROB I, KM 3.88 (Cont.) 



Clearly, the ability to control the maximum fuel temperature by increasing h is limited, and even for h — ► 
so, Tf(0) exceeds 1000 K. The overall temperature drop, TffO) - T„, is influenced principally by the low 
thermal conductivity of the fuel material. 

COMMENTS: For the prescribed conditions, Eq. (14) yields, Tf(0) - Tfci) = qr^/l-kf =(2xl() s 
W/m 3 )(0.0O6 m) 3 /8 W/m-K = 900 K, in which case, with no cladding and h °o, 10) = 1200 K. To 
reduce Tf(0) below 1000 K for the prescribed material, it is necessary to reduce q . 
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PROBLEM 3.89 

KNOWN : Dimensions and properties of tubular heater and external insulation. Internal and external 
convection conditions. Maximum allowable tube temperature. 

FIND: (a) Maximum allowable heater current for adiabatic outer surface, (3) Effect of internal 
convection coefficient on heater temperature distribution, (c) Extent of heat loss at outer surface. 



SCHEMATIC: 



Stainless steel 
k= 15 W/m K 

p e = o.7xirr 6 n 



<M? ///* ^S$r~r z = r 2 + &,T a , 
Ll'IOOK r C^^/b = 35 mm, T s2 
10i)-A 1 -1000 W/m 2 T ^,=25mm,7 Jt>1 ' 



Refractory 
Aj r- 1.0 W/m K 
5 = 25, SO mm ( ^Air? 

h2 = 25 W/m 2 -K 



ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) Uniform 
heat generation, (4) Negligible radiation at outer surface, (5) Negligible contact resistance. 

ANALYSIS: (a) From Eqs. 7 and 10, respectively, of Example 3.8, we know that 



a nd 



Q 2 , r 2 q / 2 2 \ 

'( r 2- f i 2 ) 



2 hi il 

Hence, eliminating T B-1 , we obtain 



0) 



(2) 



T S,2 ~ T <E,1 



2k 



ln i-i(, ri Vr|) + f (l-r^Al) 



Substituting the prescribed conditions (hi = 100 W/mr'-K), 
T Si 2 Tjo, | = 1 -23 7x[() 4 ( nv 1 ■ k/w J q | V\ / nv' j 



Hence, with T mm corresponding to T^, the maximum allowable value of q is 

I -Hii i 4'iii 
qmax _ i 



I 23" in 



:8.084xl0 6 W/m 3 



\\ ilh 



Re 



• ■;.:/\.. 

LA,. 



r _ 

ft I 



( • V'' 2 

I max = 4 " if )| — = « (o.035 2 - 0.O25 2 J m 2 



v I/2 



0.7 K) '"'< ) m 



' |i ■ \ < 

i VinLinui.\l 
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PRO HLliM Jt.H'>(<_<mr.> 

{h) t Snij: tlieone-Jimerisi.inul. sicaJy-state o induction model of/wnMl.nv evlmdei. cmuvwhoii dl 
inner surface and adwbati'c outer surface), (he following temperature distributions were obtained 



150O- 

1100 

900 
700 
500 



0.026 



0.O29 O.031 
Radius,. fW 



- h = 100WAn*2.K 



The results are consistent Willi key impfjcauons of |<q,s. 1 1 > and (2), namely thai t Lie value nfh, has no 
effect on 1 he lemperalure drop across the lulv i I s-; - T s j .10 K. irrespective 1 if h| |, while T sJ decreases 
willi increasing hi V^v o iu<) §QQ and tOOU W.'m'K. respectively, the ratio of the temperature dfop 
helween the inner surface and the air lu the k-mperalure drop across the lube. ("1 S . L - t^i jijfa - ft,i I, 

ftnmOTOOO = Sid io 194/30 - ft. 5 and >J7/3ft = 3J?. Because the uuier sulfate is insulated, i he 

. Ihemrflow is fix* I hv I he value of o .mil i rr^s.r.^r:1 ive ol'h , 



heat rate to Ihe airflow is fixed by [he value of i} and. irrespective ofh,, 

q'(r|| = .^fi5 i| ; )q= I5.:4(.iW < 
it loss from the Qfggl surface of the tube In the surroundings depends on the total thermal resistance 

R I"<n/i2> I 



b, 



.tii 



nr.. for 8 unit area on surfaec 2 



12 ln(o/': ) | 



Again using the capabilities uf un'i hollow cylinder; ewfcwtioifi A inner stiifaee and heat transfei fiom 
uuier surface through Rl nl : !. I lit- fid lowing temp 
insulation 





1200 -i 


[- 


1160 - 


temperature. 


1120 - 
1060 - 




1040 - 
1000 - 



0.035 0/027 0.028 0.031 0.031 0.Q3S 
Radius, rim) 

jlta =0.025 m 
Slta = 0.050 iti 




r3 = 0.060 m 

-m- r3 = 0.0a5m 



cnntnuied. 



PROBLEM 3.90 

KNOWN; lik-elne current I is passed through a pipe- of re>i stance to melt ice under 
sreadv-state conditions. 

FIND: (a} Temperature distribution in the pipe walk (h) Time to completely melt the ice. 
SCHEMATIC: 





Tee 



fc; — Znsu la Hon 

Pipe */<sH 
R e ,k 

100A 

% - SO m m t R' t = 0. 30Q/m 



ASSUMPTIONS: ( I ) Steady-state conditions. (2) One-dimensional radial conduction. (3) 
Consent properties, (4) Uniform heat generation in the pipe wall, (5) Outer surface of the 

pipe is admbatic, (6) Inner surface is at a constant temperature, T m . 

I 1 RtH'i; It TIES: TtthU- . I- J, Ice (273K): p = KB) kg/m" ; Ihmdhook Uietti. & Physics, Ice: 
Latent heat of fusion. h sf = 3.34 - Mr J/kg. 

ANALYSIS: (a) The appropriate form of the heal equation is Eq. 3.4^. mu\ the general 
solution, Eq. 3.51 is 

T(r}- --^r 2 -Cilnr+C'2 



/ 2 2V 
jT l r 2 ~ r l I 

Applying the boundary condition dT dr I =0. it follows that 

0^-^+2.1 
2k r 2 



Hence 

and 



2k 



i 3 



Tfr)--A r ^^! m+ C,. 
4k 2k 



Continued 
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PROBLEM 3.H9 (Con t.) 

Heat tern through the msukmon. } file 425 d and >&W W<m ftu IS 25 and 5(> mm. i 

^illi ciiiTcs|n)]idiiiE \ .dues of q(r]} equal to -irvHitt and - 1 1J5*> SV.'m. Pjj'Betj&tlfi^ I he lube lempeitituie 

distribution* wjlh those predicted ll>r an udiabialic outer «ur lace, it is ^videnl that ihe losses induce lube 
wall kmpeuituros predicted fp.r Ilk- adiabutic surfiuv and ( tlso shift the maximum temperature frum r 
0 fJ3 5 m fa r = 0JDS3 m Although ihe tube, miter serj insulation inner sarfaee lemperatures. 'f s; - T(r,).. 
iiicr-msc with increasing rnsuLat iuii thickness Kig (c), the insulation uuter surface temperature decreases. 

COMMENTS: If the intent is to maximize heat transfe] to t he airflow, heat losses lit the ambienl should 
he reduced h> selecting an in>uJalu.n material wilh i significantly smaller litcrmal conduclivily 



courses forwhic 



son on a not-for-profit teas tor tilting or instructional purposes only to students enrolled in 
i or translation of this work beyond that permitted by Sections 107 or 



PROBLEM 3.91 

KNOWN: Materials, dimensions, properties and operating conditions of a gas-cooled nuclear reactor. 

I" I N l>: [ a ) 1 n ner and outer surface temperatures of fuel element, ( b ) Temperature d istributions for 
different heat generation rates and maximum allowable generation rate. 



SCHEMATIC: 



rj = 14 mm 




Coolant _ 
h = 200D W/m 2 K 
7" =600 K 



Graphite 
Ag = 3W/mK 



Thorium (6) 
k f = 57W/mK 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible contact resistance, (5) Negligible radiation. 



PROPER!'] ES: Table A. 1, Thorium: 



1000 K; Table A.2, Graphite: T^* 2300 K. 



ANALYSIS: (a) The outer surface temperature of the fuel, T 2 , may be determined from the rate equation 

- r 2 ~ T «5 



K t, 



tol 



uhei\ 



l"('>/'2 j 



(14/1 : 



2..rk g 2yrr 3 h 2,t(3 w/m ■ K ) 2, r ( ii.i)I4 m)( 2000 w/m 2 ■ k) 



. 0.0185m -k/w 



and the heat rate per unit length may be determined by applying an energy balance to a control surface 
about the fuel element. Since the interior surface of the element is essentially adiabatic, it follows that 

q' = qa-^l - r 2 ) = 10 s w/ m 3 x x {o.0 1 1 2 - 0.O08 2 J m 2 = 1 7,907 W/m 

I knee, 

T 2 = q' R tot + T «3 = 1 7 > 907 W/m (0.0 1 85 m - K/W ) + 600K. = 931 K < 
With zero beat flux at the inner surface of the fuel element, Eq. C. 14 yields 



. 2 ( 2 
4k t I r 2 



^-InN 2 
2k t I r. 



1 1 IK 



10' 



w/m 3 (0.0 1 I m) 2 [" f 0.008 ^ 



4 x 57 W/m -K 1,0.011 J 



/m 3 (0 



2 x 57 W/m- K 



008m) , /" 0.01 A 
In' 



ii t)0S 

Continued.. 
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PRO It L KM 3,9] (titiit.) 



i hi 'Hie toinpc-iwtLirt: distributions may be obtained In using Ihe IH'I #Ki$SI for one-dimensionaL sleady- 
state conduction iti a hollow tube For Ihe fuel element I q t O), an astMSltie tlfflKti condition is 
prescribed jti ri. while heal Iransfei from the outer surtace $ 10 eKo co:ilanr is governed b.v the- thermal 
resistance Rf otJ =l-riRin T - 2*<0.0| I m)0,<U*5 nvK-'W . ft,r*)i:s nrf-K/W Fur Uic graph He U'| =0|. 



the value of T: obtained from the tbivgi'ing. suluiion j« prescribed as. an inner h-aindiiry coridiiuiiiflt. r a 
while ii convection coudniuii is prescribed at the outer surface < is, t P*b| t . ]<>*; l| -l 5 > lit 8 W-nrVthe. 
following distributions are obtained 



35C.0 



iioo 

1700 
1300 
900 
S30 



0.006 0.009 0,01 

Radial location in fuel, rim) 

— ■— qdot = SE& 
-ft- qdot=3E& 
-O- qdot = 1E6 



2™ 



E 

3 



0 03 I 




0.01 1 



0.012 0 013 

Radial location in graphite. r(ln) 
qdet -5E8 

= 1 ia 



0014 



-ft- qdot =3 



The comparatively \tstm value of k t yields small temperature variations across the fuel element, 
while lite Small vaitie of k 6 results in large temperature variations across the graphite. Operation 

ill q — > * lW W.-'in 3 is clearly unacceptable, since ihe inching poinKo] ilmnum and graph ite are 
exceeded and approached, respectively In prevent soften 1 ng of the materials, which would occurbelow 
their melting points, the reactor should so! be operated much above q - 3 s 1 0 s W, nr' 



t resistance at the 1 
1'uel element, thereby reducing tite maximum allowable value uf q 




PROBLEM 3.92 

KNOWN: Loni:. rod experiencing uniform volumetric generation encapsulated by a circular 
sleeve exposed to com ection. 

L 7 IND: (a) Temperature at the interface between rod and ■sleeve and on the outer surface, (b) 
Temperature at center of rod. 

SCHEMATIC; 

S/eeve, k 5 = 4W/m-K 

Rod, \ J v / *'" ~*\s~T 





ASSUMPTIONS: ( 1) One-dimensional radml conduction in rod and sleeve, (2) Steady-state 
conditions, ($). Uniform volumetric generation in rod. (4) Negligible contaci resistance 
between rod and sleeve. 

ANALYSIS: (a) Construct a thermal circuit for the sleeve, 
where 

Hp DfM -24,000 W/m 3 * jtx(0.20 m) 2 i 4 c 754.0 W/m 

, In(nii) in (4llll _-, 

R;- - --2.75Svv|o - In . K W 

2,~ k s Ztt < 4 W/in ■ K 

R cmv = 1 * ! *Lli§xMJ 2 m- K/W 

It.T D : 25 VV/m -K <z-<QAWm 

The rate equation can be written as 
R s + R L't.«nv R oiin 

T, - T, -q'(I<; i 1^ 011V ) = 27"(_ 1-754 w/m |2.7^vin" : I 2 |K/A\ m-7|.S C < 

T : -T,; -qK.mv = 27 C+754 Vi^fc&itffi& H5%.\ K/W=5l.0 ft C, < 
(b) The temperature at the center of the rod is 

t S$ -r 24.0(10 W 'nr^ 0.1 no m) : ^ 
Ttl>l " 4k7 + - ,.»,1.K - 7U *" * "* 

COMMENTS: The thermal re^istiiiice^ due to conduction in the sleeve and convection are 

comparable. Will increasing the sleeve outer diameter cause the surface temperature To to 
increase or decrease? 



PROBLKM 

KNOWN: R li lI j l i s , thermal conductivity, heat generation and convection conditions 
associated witli a solid sphere. 

KIND: Temperature distribution. 

SCI I KM A I It: 




ASSUMPTIONS: ( 1 ) Steady-state conditions. (2) Otic-dimensional radial conduction, (3) 
Constant properties, (4) Uniform heat generation. 

ANALYSIS: Integrating the appropriate form of the heat diffusion equation, 

2 



_L A- kr — 

r 2 dr[ r dr 



+ q=0 



2 dT 
r — 
dr 



3k 



+ C, 



or 



dT 
dr 



dr 



- dT 
r — 

dr 



qt_ 

k 



■ ' 6k r 1 



dT 

di- 



ll 



hence 



Jr=0 



The boundary conditions are: 

-k£] =h[T(r 0 )- Ta) ]. 
Substituting into the second boundary condition (r = r 0 ). find 



-h 



6k 



qi'o 



C 2 =-^- + ^-+T 

- 3h 6k 



The temperature distribution has the form 

T(r)= ±(^) + |, +Tt0 . 

COMMENTS: To verify the above result, obtain T(r D ) = T s 



T,-^ + T v 



Applying energy balance to the control volume about the sphere, 



4 l 

T' 7 '" 



= h4;rr 0 2 (T s -T m ) 



find 



0, and 



T - T 
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PROBLEM 3.94 

KNOWN: R a lI i a 1 distribution of heat dissipation of a spherical container of radioactive 
wastes. Surface convection conditions. 



KIND: Radial temperature distribution. 
SCHEMATIC: 




ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) One-dimensional conduction. (3) Constant 
properties, (4) Negligible temperature drop across container wail. 



ANALYSIS: The appropriate form of the heat equation is 

1- 



1 d^djY 
dr ! 



dr 



k 



k 



f \ 2 

r 



Hence 



r 2 


dT 


4o 


5 N 
r r 




dr ~ 


k 






r 


r 4 


J r 


k 


6 


2% 



■ <-■, 



From the boundary conditions. 

dT/dr | r=0 = 0 and - kdT/dr | r % = h[T (r 0 )-T x ] 

it follows that C j = 0 and 
i,, 



<"-■ 











V 










I- 




'0 


_IL 






5 




k 


6 


20 

j 



15h 



dOk 



-T 



Hence 



T( r )=T„3&. + ^2- 

15h k 



— --[ — + J- U 

60 6 1 r n 20 1 i> 



4 



COMMKNTS: Applying the above result at r 0 yields 

T B = T(r 0 ) = T 0C+ (2r 0 q 0 /l5h). 

The same result may be obtained by applying an energy balance to a control surface about the 
container, where Y.„ c[ L -,, nv The maximum temperature exists at r (i 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROliLKM 3.95 



KNOWN: Dimensions and thermal conductivity of a spherical container. Thermal conductivity and 
volumetric energy generation within the container. Outer convection conditions. 

FIND: (a) Outer surface temperature, (b) Container inner surface temperature, fc) Temperature 
distribution within and center temperature of the wastes, (d) Feasibility of operating at twice the energy 
generation rate. 



SCHEMATIC: 



Stainless steel - 
*„=15W/mK 



<7coA n=Q.5m 



c-. r 0 = 0.6 m 




f^- iw««//m2.if Radioactive wastes 

ft — 1 DOO Wlrrr K ^ = 20 W/m K r q = 10 5 W/m 3 

ASSUMP ['IONS: ( I ) Steady-state conditions, (2) Constant properties, (3) One-dimensional radial 
conduction. 

ANALYSIS: (a) For a control volume which includes the container, conservation of energy yields 
E E - E ou , = 0 , or qV - q ronv = 0 . Hence 



q(4/3)(^)=h4^r 0 2 (T Si0 -T K ) 
and with q in 5 w. nv\ 



r r -l'i 



10 5 w/m 2 (0.5m) 3 
3hrJ 3OO0w/m 2 K(0.6m) 2 



: 25 C 



3fi 6 C 



(b) Performing a surface energy balance at the outer surface, E; n - E out = 0 or q con d - q C onv = " ■ 
Hence 

4^k ss (\j-T 5|0 ) 



W«o(T s ,c-T K ) 



T - = T 



h ( r„ \ t \ o 10O0w/m 2 K , , / „ \ „ . 

+ JL _ l L ( T _T w = 36.6 C + ( ii .2 ) ( . . & m (il.6 c) = 129.4 C * 



(c) The heat equation in spherical coordinates is 



lfr 2 £L] 
drl drj 



+ qr" = 0 . 



Solving. 



7 dT qr 1 
dr 3k™ 
Applying the boundary conditions, 
dl 



and 



■lit) 



6k r 



— L +C2 
r 



dr 



= 0 and 



i 0 



■Mr,) 



C t =0 



mul 



6 k,. 



Continued... 
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PROBLKIYI 3.95 (Cont.) 



[ ] c nee 



T <"-^^ 2 -' 2 ) 



At r 0, 



[(") :,, 



6k„ 



129.4 C + 



10 5 w/m 3 (0.5ra) 2 
6(20W/m-K) 



337.7 C 



(d) The feasibility assessment may be performed by using the 1HT model for one-dimension;il, steady- 
state conduction in a solid sphere, with the surface boundary condition prescribed in terms of the total 
[hernial resistance 

R' --{WAR -R", ,R" ^[('AX'Ao)] ifqV 

K tot,i -1**1 J K iet - K end.i 1 K i;nv.i - " 17 

where, for r„ = 0.6 m and h - 1000 W/m 2 -K, R^dd = 5.56 x 10~ 3 m 2 -KJ\\\ R^ nVil = 6.94 x Iff 4 m^K/W, 
and R" ot ; = 6.25 x [Q' s m 3 -K/W. Results for the center temperature are shown below. 



E75 

S25 



525 



2000 4000 6000 6000 

Corn/gction coefficient. h(W.''m*2.K) 

ro = 0.54 m 
ro = O.&i m 



Clearly, even with r n = 0.54 m r 0 .„ lin and h = 10,000 W/m 2 -K. (a practical upper limit), T(0) > 475°C and 
the desired condition can not be met. The corresponding resistances are R-^nd i = 2.47 x 10" 5 m^K/W, 

R^ |1VJ = 8.57 x 10" 5 m^KAV, and R^ ot>i = 2.56 x 10" 5 m 2 -K/W. The conduction resistance remains 

dominant, and the effect of reducing R^j V [ by increasing h is small. JTie proposed extension is not 

feasible. 

COMMENTS: A value of q = 1 .79 x 10 s W/m J would allow for operation at T(0 ) : 475=>C with r D = 
0.54 m and h = 10,000 W/m 2 -K. 
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PROBLEM 3.96 



KNOWN: Carton of apples, modeled as 80-mm diameter spheres, ventilated with air at 5°C and 
cxpoj'ioiif int| internal volumetric heal generation a I a rale ol" 4()i j(.) .1 kii- Ja> 

FIND: (a) The apple center and surface temperatures when the convection coefficient is 7.5 W/trr^K, and 
(b) Compute and plot the apple temperatures as a function of air velocity, V, for the range 0. 1 < V < 1 
m/s, when the convection coefficient has the form h - C]V a425 , where d = 10.1 W/m 2 -K'(m/s) a42S . 



SCE1KMATIC: 




- Apple, D= 80 mm 
^OCj fr = 4000J/kg-day 

p = &Wkg/rr£k=0.5WMi*K 

t t 



I 1 © f: 50c * =0 - 5m/s 




7.5 W/rr^-K ^ fl w 

ASSUMPTIONS: (I) Apples can be modeled as spheres, (2) Each apple experiences flow of 
ventilation air at 1 VJ = 5°C, (3) One-dimensional radial conduction, (4) Constant properties and (5) 
Uniform heat generation. 

ANALYSIS: (a) From Eq. C.24, the temperature distribution in a solid sphere (apple) with uniform 
generation is 

. 2 ( 2 "N 
qr 0 , r 



lin - 



Ok 



i. 



(I) 



<: / 



To determine T s , perform an energy balance on the apple as shown in the sketch above, with volume V = 
4/3ftr 0 \ 

-q cv + qV=0 



'■in '"■out + Eg - 0 



i»(4,7t-j J (■]. . : ii • / | ■■■■ 

-7.5 w/ m 2 ■ K ^4/rx O.04O 2 m 2 J^T 5 - 5°cj + 38.9 w/ m 3 |4,t x O.04O 3 m 3 /:ij = 0 

where the volumetric generation rate is 
q = l ii ::.[/k ■ day 

q = 4000 j/kg ■ day x 840 kg/ m 3 x ( 1 day/24 hr) x (l hr/3600s) 

q = 38.9W/in 3 

and solving for T a , find 

T s = 5.I4°C 
From Eq. ( 1 ), at r = 0, with T a , find 

3S - 9W / m ^ ft04p2m2 ,5.14°C = 0.12-C + 5.H 



(21 



[■(Ol 



6x0.5W/m-K 



14 C=5.26 C 



Continued.. 
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PROBLEM 3.96 (Cont.) 

(b) With the convection coefficient depending upon velocity, 

h = c lV °- 4:5 

with C, = 10. i W/m 2 -K.(m/s) 0 - 425 , and using the energy balance of Eq. (2), calculate and plot T s as a 
function of ventilation air velocity V. With very low velocities, the center temperature is nearly 0.5°C 
higher than the air. From our earlier calculation we know that T(0) - T a = 0. 12°Cand is independent of 
V, 




■-.■miihiliim in v4:n iiv v hum 



COMMKNTS: ( 1 ) While the temperature within the apple is nearly isothermal, the center temperature 
will track the ventilation air temperature which will increase as it passes through stacks of cartons, 

(2) The !HT Workspace used to determine T„ for the base condition and generate the above plot is shown 
below. 



0 The temperature distribution, E<| (1), 

T_r = qdot * ro A 2 / (4 * k} * ( 1 - r A 2/ro A 2 ) + Ts 

I! Energy balance on the apple, Eq (2) 

- qcv + qdot' Vol = □ 
Vol = 4/3*pl* ro A 3 

II Convection rate equation: 

qcv= h' As ' ( Ts - Tint | 
As = 4 * pi * ro A 2 

H Generation rate: 

qdot = qdotm * (U24) * (1/3600) * rho 



II Generation rate, W/m A 3; Conversions: days/h and h/sec 



" Assigned variables: 

ro= 0.080 
k = 0.5 

qdotm = 4000 
rrio = 840 
r = 0 
h= 7.5 

Uh = C1* V0.425 
«C1 = 10.1 
IIV= 0.5 
Tint =5 



It Radius of apple, m 

II Thermal conductivity, W/m.K 

// Generation rate, J/kg.K 

//Specific heat. J/kg.K 

//Center, m; location for T£0} 

// Convection coefficient. VWm*2,K; base case, V = 

// Correlation 

//Air velocity, mis; range 0.1 to 1 mis 
I! Air temperature. C 



0.5 mis 
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PKOBLKM 3.97 



k\()\\ \: Plane wall, long cylinder and sphere, each with characteristic length a, thermal 
conductivity k and uniform volumetric energy generation rate q. 

FIND: (a) On the same graph, plot the dimensionless temperature, [T(x or r)- T(a) ]/[ qa 2 /2k], vs. 

the dimensionless characteristic length, x/a or r/a, for each shape; (b) Which shape has the smallest 
temperature difference between the center and the surface? Explain this behavior by comparing the 
ratio of the volume-to-surface area; and (c) Which shape would be preferred for use as a nuclear fuel 
element? Explain why? 



SCHEMATIC: 
Plane wall 



Long cylinder 



Sphere 



d> ,^T(a) = T s 



■±-»x 





T(a) = T m 



> r 



r = a 



ASNUME'TIONS: ( 1 ) Steady-state conditions. (2) One-di mensional conduction. (3) Constant 
properties and (4) Uniform volumetric generation. 

ANALYSIS: (a) For each of the shapes, with T(a) = T s , the dimensionless temperature distributions 
can be written by inspection from results in Appendix C.3. 

T(x)-T a 



Plane ■■-ail. \'x\ (.'.22 
Long cylinder, Eq. C.23 

Sphere. Y.q. ('.24 



qa /2k 
T(r)-T s 

qa 2 2k 



qa 



" 2k 



--1 


f X 






{ a 




1 


1- 




2 




I 




r 


3 


^a 



The dimensionless temperature distributions using the foregoing expressions are shown in the graph 
below. 

Di me ns in n less temperatu ne distributio n 



■: 

IB 

z 




0.2 0.4 0.6 0.8 

Dimensionless length, xla or r/a 

1 Plane wall, 2a 
■ Long cylinder, a 
Sphere, a 



Continued 
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PROBLKM 3.97 (Co tit.) 



(b) The sphere shape has the smallest temperature difference between the center and surface, T(0)- 
T(a). The ratio of volume-to-surface-area, V/A s , for each of the shapes is 

a(lxl) 
(ixl) ^ 

x 1 a 
2. ni ■ I 2 

4££V3 _ a_ 
4 -a 2 3 

The smaller the V/A B ratio, the smaller the temperature difference, T(O) - T(a). 

(c) The sphere would be the preferred element shape since, for a given V/A a ratio, which controls the 
generation and transfer rates, the sphere will operate at the lowest temperature. 



V 

Plane wall 

A s 



V 

l.'W'J, C VtlihhY " 

^S 



V 

Sphere 

A, 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLKM 3.98 

KNOWN: Radius, thickness, and incident flux for a radiation heat gauge. 

KIND: Expression relating incident flux to temperature difference between center and edge 
of gauge. 

SCI I KM A I IC: 




—Capper Aesf sink 



ASSUMPTIONS: (1) Steady-state conditions, (2) One- dimensional conduction in r (negligible 
temperature drop across foil thickness), (3) Constant properties, (4) Uniform incident flux, (5) 
Negligible heat Joss from foil due to radiation exchange with enclosure wall, (6) Negligible contact 
resistance between foil and heal sink. 



ANALYSIS: Applying energy conservation to a circular ring extending from r to r + dr, 
q r +qJ'(2.T rdr)- q m j]-, q r --k(2/r rt)- 



dr ' 



dq r 

Ir+dr =q r +— ^dr. 



dr 



Rearranging, find that 

qf(2ff rdr)-— :(-k2jrrt)— Idr 
dr til 

dr | dr I kt 



Integrating, 



i 1. 1 

dr 2kt 1 



and 



T(0— ^l + qlnr+Ca. 



With dT/dr|^o=0, C] = 0 and with T(r = R) = T(R), 

T(R)-^ + C 2 or C 2 HR..° 



4kt 



4kt 

Hence, the temperature distribution is 

T(, ) -| r (R--,-)-T(R). 

Applying this result at r = I), it follows that 

q -l3|[T(0)-T(R)]=i^AT. 

R^ 

COMMKN I S: This technique allows for determination of a radiation flux from 
measurement of a temperature difference. It becomes inaccurate if emission from the foil 
becomes significant. 
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PROBLEM 3.W 

KNOWN: Net radiative flux to absorber plate. 

KIND: (a) Maximum absorber plate temperature, (b) Rate of energy collected per tube. 
SCHEMATIC: 

a i n 1 ^ ! — -— W — 1— : — k V^i' rt e symmetry 

Al alloy f-* ^-aJ, ?j J ; / .t, ■ ' 



ASSLIMP'I'IONS: ( 1 ) Steady-state conditions, (2) Otic-dimensional (x) conduction along 
absorber plate, (3) Uriifonn radiation absorption at plate surface, (4) Negligible losses by 
conduction through insulation. (?) Negligible losses by convection at absorber plate surface, 
(6) Temperature of absorber plate at x = II is approximately that of the water. 

PROPERTIES: TtthteA-1, Aluminum alloy (2024-Tb): k~ 180 W/m-K. 

ANALYSIS: The absorber plate acts as an extended surface (a conduction- radiation system), 
and a differential equation which governs its temperature distribution may be obtained by 
applying Eq.l . 1 lb to a differential control volume. For a unit length of tube 

q'x + Qrad (dx) - q' x i dx - 0. 

With qxidx-q'x-^x 

dx 

i , JT 

and l[ v kl 

dx 



it follows that, 

d dT" 

= 0 



Irad 7" 
d x 



i dT 
-kt — 

dx 



— _+JMiL = 0 

dx^ kt 

Intcgratirig twice it follows that, the general solution for the temperature distribution has the 
form, 

qrad 2 



ju\-_ais±^ +c x+c 

W 2kt 11 



Continued 
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PROBLEM 3.99 (Co nr.) 

The boundary conditions arc: 

T(0)-T w C 2 =T W 
dTl _. q- rad L 



d\ 



= 0 



x=L/2 



2kt 



Hence, 



T(x)-^ix(L-x) 



The maximum absorber plate temperature, which is at x = L'2, is therefore 

T nm =T(L/2)-il^ + T w . 

The rate of energy collection per tube may be obtained by applying Fourier's law at x = 0. 
That is, energy is transferred to the tubes via conduction through the absorber plate. Hence. 



q'=2 



dx 



x 0 



where the factor of two arises due to heat transfer front both sides of the tube. Hence, 
q --Lq'rad- 



Hence 



800— (0.2mf 



1 max 



m 



18(1- 



W 
m-K 



m c 



006m) 



or 



and 



^max - 63.7 C 



q' - -0.2m x 800 W/'ra' 



or 



q' = -160 W/m. 



COMMENTS: Convection losses in the typical flat plate collector, which is not evacuated, 
would reduce the value of q'. 
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PROBU.M 3.WII 

KNOWN; Surface oundji inns and ibiukncss ul a snJtir ailkvior" absorber plalc rempcralUre of 
workup fluid 

KIND: (a) Diffcrewial equation which »nvern« plate temperature Jisinhuiiiui. I b I fnmi of fits 
tt'ITl|VMUIIV J jhutiiriji. 

SCHEMATIC; 

d % sd \ f d %^ A H r* 

» N ' TTf^TTTl,-,-,- J; j ^ J ; j > > J f yf TL f 



PI 



ASSLMP1 EONS: 1 1 | Steady-state cynditiMlfc ®< >ne-dimensiona| c.imductinn, |£J Adiabatie bottimi 
sniffed F4) Uniform r-n-liatn.'Ji IT u\ and uotweetioti coefficient at lop, (5) T<Jmp«jra<tJre nfahsorbei 
plate at-X II a.rresp. mds 10 that nf vv.irkini fluid 

ANALYSIS: la) Performing an en. 



3x 



where 



Ji-lei'tiv - hfT-T, )-dx 



Hence , S^SE= ( M'x ' Jx ) dx+h J T " J x ) & 

Frfim fourier's Jaw. ihe cundtictioti heat rate pet unit width is 

Irad 



J T h , , i 



-1 



< 



(b) Defining 0 - J - ~[,, .tj'T'dx"" - t£% \\\^ ami the differentia! equation becomes, 

and fl source lerm. and its general 



$c* kt kt 

[t is a w.cond-iircW. differential equation with tumstant 
solution is ol'the form 



wheit 



i : 



§N$tid ' ^~ 



Appropriate boundary conditions are: 

^ -c, + c 2 +s;a 1 



Hence. C , - - $g 2 ) ■ ( I - ) C 2 - ( ft - S/X p-J^4 e- 2AL ) 



2AL 
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PROBLEM 3.101 

KNOWN: Dimensions of a plate insulated on its hutloni an J thermally loiued tu heat sinks at itse-nJs. 



FIND: 1,1} Djfterc-ntiusl equation winch determines temperature distribution ifi plate, (h) Temperature 
distribution ;m<J heat loss In Itetij sinks 

SCHEMATIC : 







w 




T, f^j 





ASSUMPTIONS: ( I i Steady-state. (2 1 ( Ute-Jimensioruil conductum m x(W.L-»0. u«M 'onslanl 
properties, (4) ( iniforrn surface heat fftije. i>l Adiahatie bottom. {(••) Negligible contact resistance. 

ANALYSIS: (a) Applying conservation of energy !o ihe differential control volume. q x * dq 
= flx fdv where t] x +dx = + M<h'd\ ) d\ and dq=q"-> ( W Jx ). Hence, {dq x dx ) - q", W=0. 
From Fourier's law, q x -— k(tW) dT'dx. Haice.theditTerenti.il equation for die 
temperature distribution is 



, ktW 



fbl Integrating twice. the general solution is. 



dx 2 K 



2kr 



T„ - --H^L 2 -C.L+C 2 
2Li 



and appropriate boundary conditions are T(0) = T 0 . and T(L) = T 0 . Hence. T 0 = C 2 . and 

and C'| -■ 

Hence, ihe temperature distribution is 
Applying Fourier's Up* at \ = II. and at x = L. 



c,(0).-k(Wt)dTAk) x ... iO .-kWtl-^ 



t)(L)--k{Wt) dT/dx } x .- L - - k Wt 



3o 
ki 



L 
L 

>: 

2 



Hence the heat loss from the plates is q=2 ( q" WL/2 ) - q",WL. 



< 



COMMENTS: ( 1 ) Note signs associated wilh q(0) and q(L>. 12) Note symmetry about \ = 
L 2. Alternative boundary conditions are T(0} =T 0 and dT/dx^Hyl!^ 1 - 



PROBLEM j.1112 



KNOWN: Dimensions and surface conditions of a plate thermally joined at its ends to heat sinks at 
different temperatures Heat lln\ mi." tup of plate Convection conditions beneath plate 

FIND: (a) Differential equation which determines temperature distribution in plate, (b) Temperature 
distribution and an expression for the heat rate from the plate to the sinks, and (c) Compute and plot 
temperature distribution and heat rales corresponding to changes in different parameters. 



SCHEMA'] IC: 





r*Jt 
























; L L_ 





ASSUMPTIONS: [ I i Steady-state conditions. (2 ) One-dimensional conduction in \ f W.[. ■ ■ I). (3.1 
Constant properties, (4) Uniform surface heat flux and convection coefficient, (5) Negligible contact 
resistance. 

ANALYSIS: (a) Applying conservation of energy to the differential control volume 

q x + d % +d( 3conv 

v.- lie re 

qx+dx=qx i(dq x /dx)dx dq conv = h(T-T (fl )(W-dx) 

I lence, 

q x +q* D (W-dx)-q x + (dqjdx )<k + h(T -T ffi )(W- dx ) ^ - hW ( T X , ) - 

dx 



dx 2 ^ kt 



Using Fourier's law, q s = -k(t- W)dT/dx . 

2 

ktwill. hW(T 'f,) = q"W 
dx" 

(b) Introducing 9 = T -T ro , the differential equation becomes 
dx 2 kt kt 

This differential equation is of second order with constant coefficients and a source term. With 
A 2, = b/kt and S = q* /kt , it follows that the general solution is of the form 



< 



+ s/a 2 . 

Appropriate boundary conditions are: 0(0) -l o -T :n = 0 o 



Substituting the boundary conditions, Eqs. (2,3) into the general solution, Eq. (1), 



6 0 = C l e° +C 2 e° + s/^ 



,2 



(h 



„ +AL „ -XL 
■ Cje + C 2 e 



To solve forCj, multiply Eq. (4) bv -e +iL and add the result to Eq. (5), 

') 



; . I 

-& 0 s +■ 



0 L= C 2 (-e^ L + e^ L ) + s/i 2 ( 
C 2 =[K-^ L )-sA 2 (-e^ + ,)|/( 



I 



■e + e 



(2,3) 
(4,5) 



■:>y. 

Continued... 
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PROBLEM .1.102 (Cont.) 

Substituting for C 2 from Eq. (6) into Eq. (4), find 



Q^-fK-^ 1 ) s/;,-j ^' ( i)J/(- 



e + e 



)! / 



(7) 



Using C] and C 2 from Eqs. (6,7) and Eq. (1), the temperature distribution can be expressed as 



+Ji sinh(/x) +JL 
e e 

sin h (/.I.) 



0 n + i -6, + - l-e^H ^^ + {l-e +jix ) 



-7 («)< 



sinh(/.I.) | > ' sinh(AL) 

The beat rate from tbe plate is q p = -q K (0) + q x (L) and using Fourier's law, the conduction heat rales, 
with A c W-t, arc 



kA„ 



sinh( /.]. ) 



0 sinh(2L) 



l-e 



+/LL 



si nh (/.!_) 



X-A 



q x (L) = -kA, 



dx J X=L 



kA, 



AL 



, Acosh(lL) 
sinb(yiL) v 'j sinh(lL) 



| sinh(AL) 



/tcosh(i.L)-jle 



a! < 



(c) For the prescribed base-case conditions listed below, the temperature distribution (solid line) is shown 
in the accompanying plot. As expected, the maximum temperature does not occur at the midpoint, hut 
slightly toward the x-origin. The sink heat rates are 



q*(o) = -17.22W 



q" x (i..) = 23.62W 




The additional temperature distributions on the plot correspond to changes in tbe following parameters, 
with all tbe remaining parameters unchanged: (i) = 30,000 W/m 2 , (ii) h = 200 W/m 2 -K, (iii) the value 

of q" 0 for which q* (0) = 0 with h= 200 W/m 2 -K. The conditi on for the last curve is q^ = 4927 W/m 2 
for which the temperature gradient at \ = 0 is zero. 

Base case conditions are: q^ = 20,000 W/m , T„ = 100°C, T L = 35 0 C, T 50 = 25°C, k =25 W/m-K_, h = 50 
W/m 2 -K, L = 100 mm, t = 5 mm, W 30 mm. 
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NlOliLKM 3.103 



KNOW N; Thin plastic film being bonded In a nieial strip hy laser healing method: strip dimensions and 
thermophysical properties are prescribed as are laser heating flux and convection conditions. 

FIND: (a) Expression for temperature distribution for the region with the plastic strip, -Wi/2 < x < Wi/2, 
(b) Temperature at the center (x = 0) and the edge of the plastic strip (x = ± Wi/2) when the laser flux is 
10,000 WVm 2 ; (c) Plot the temperature distribution for the strip and point out special features. 



S( II KM VI K : 



^=25 °C 
ft = 10 W/m 2 K 



| I I I I i — Mrtal«trip,fc= 60 



i 

w 1 /2 = 20mm tf=1.25mm wjQ 



X = 25 °C 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) One-dimensional conduction in x -direction only, (3) 
Plastic film has negligible thermal resistance, (4) Upper and lower surfaces have uniform convection 
coefficients, (5) Edges of metal strip are at air temperature (T B ), that is, strip behaves as infinite fin so that 
w 2 — > oo, (6) All the incident laser heating flux is absorbed by the film, (7) Negligible radiation heat 
transfer 

PROPERTIES: Metal strip (given): p 7850 kg:m\ e p 435 .Vkg-m\ k (>u W-nvK. 

ANALYSIS: (a) The strip-plastic film arrangement can be modeled as an infinite fin of uniform cross 
section a portion of which is exposed to the laser heat flux on the upper surface. The general solutions for 
the two regions of the strip, in terms of 0 = T(x) - T^, are 

0 < x .< Wl /2 ^(x)= C^*™ + Cje"™ + m/ in 2 

M - l] I p/2 kA c - q" a /kd m - ( 2 h/kd )' ''' 2 

,, /2<x<* ff 2 ( x ) = C, e +mJ! + C 4 e-' rax . 

[■'our boundarv conditions can be identified to evaluate the constants: 



Atx = 0: 
A t x = w,/2: 

Atx = w/2: 



— L (0) = 0 = C 1 me -C 2 me +0 
dx 



I 



-2 



0(w 1 /2)-^{w,/2) 

C ie +m '/ 2 + C 2 e-™'/ 2 Hl/ m : 
dflj (wj/lj/dx = d£> 2 (wj/2)/dx 
i/2 ^ — mwi/2 



_ +mwi/2 _ — mw 
: C 3 e " + 



mi |C 



0 = mCje 



C 4 e 

r,lW l/ 2 m(', L " lm 'l/ 2 



^fl^fic;- f/ 2 (o O ) = 0 = C 3 e' :!> +C4e^ I) -» C 3 = 0 

With C 3 = 0 and Q = C 2 , combine Eqs. (6 and 7) to eliminate C 4 to find 



I 



m/ m' 



mwj/2 
2e " 

and using Eq. (6) with Eq. (9) find 
C 4 = m/ m 2 sinh(mW[^2)e 



(l! 
(2,3) 
14) 



(5) 

If) 

(7) 
(8) 

(9) 

(10) 
Continued- 
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PROBLEM $M2 (Cut.) 

Hemv. the temperature distribution in the region ( I ) under I he pbstic film, llix^ is 



rt (V)r — 
and for the region <2)- I t 



M 

m 2 m 



-^(]-e- ulw >/ 2 ^h,m) 



-sinh(r 



-nil 



(II, < 



mi 



(b) Subsuming numerical values into the temperature distribution expression above. Biltyggg <)il\V|/2> 
eari tie delerminetj bust evaluate the follnwmg parameters; 

M = m.(HH) W'/m 2 /-.() w/ni K (l !idi:> in - ] jjj .mk/nr 

m^-ldw/m 2 k/fnAv/m K Omit:? m)'' " - lo 3.im"' 
Henesf. forth* tnidjimnt \ 0. 

t3.\.^'K/m- 



U. «m 1 i).<>2Um)-c^h(M) 



1, (ii) . /I, <f>) , | x = l-l'^K 1 15 < - KH I C 

for the pi.isitiLin % w, : 2 0,020 m. 

0\ (w,/?) = 500.0 1 0,7:ieos I h(lt>..-iL»m" 1 * O.OlOni | 1= 12H Ik 

[c.i [ he lenipei-aluredislnbntiuns.H.f^judLyxUre shown in tfep below. Using I HI. ^[s. ( U | and 
1 12 1 were entered uim the workspace arid a graph creaied. 'Hie special feature* arc noted; 

f I } No gradient at nudpnint. v. - 0; 
dMnliulkm. 



< 



< 



ill No diseontmuitv of gradient at wy2 
(2t.imml. 

(3) Temperature excels and gradient approach 
zero with increasing v;ilue uf x 



i 































































































































































































1 — 
































KooardnaLe. x irrrrn i 



COMMUNIS: How % kle nuisl the strip he in nrdet to saiixfy the uifnute fin approximation such that & 
f.r? forx-2iW mm. find fefSOO mm) 5 r< , ilns wuuid boa pnor appioj.jmat.Lmi When \ 

?<)<> mm. 8$ 11m) I 2'C. hence when w,'2 jffli 111111. the Slftji is a reas.niable approximation to an 

infinite fin 



t to students enrolled in 



PROBLEM S. mm 



KNOWN: Thermiil eonduclrvity. t1i;irn-?tcr and length ■ if j| wire which h ^BjBftfeg h> ftf(9S 
current through rhc wj±a 

FIND: Steady-state temperature distribution along «ire 
SCHEMA l it : 

. ^Pt^ * — 

r *-TA/ii wire, X^s k> 

*,9 - 7 



electrical 




ASSUMPTIONS: 1 1 1 S tend y-s kite condirinns. (2| One-dimens.ion;>| conduction alisny. the wire oJisiStfl 
pr"|VLliei.. (41 Negligible- radiation. (?) Uniform convection coefficient h 

ANALYSIS: Appking conservation of energy ItJ li diffeivnli;il g@iifa).l lohime, 
Sx + Pg -*]q C oiiv-%i-dx = 0 



q x i -dx " q x " =J^# fe =-|f«I i ■' 4 ) JT/dx 
dq conv -l,(,TD,k) (T-T,) E, =q(,TD 2 4)l!x. 



k(~D : 4) — ^dx+qjj D : M)dx-h(,T L\Ix ) (T-T*,) = 0 



or. wnh V-T-T., 



f ■ 



dx : k» k 

The solution (generiil and particular) to tins jv.mh. 'ino;>eneous equation is of the l"rm 



where m" = (4h/kD). The boundary condition arc: 
dx x 



-0-C t (e mi -e- Lll! }-- i 

5 I 



-q/km" 



The temperature distribution has the form 

q 



kiir 



jnx , -mx 



e mL^-ni[ 



1 - 



knr 



co sh l»A 
s3i mL 



I 



< 



COMMENTS: This process is commonly used to anneal wire and spring products. To 
clieck the result, note IhatT(L) = T(-L) = T ffi . 



PROBLEM 3.105 

KNOWN: Electric power input and mechanical power output of a motor. Dimensions of housing, mounting 
pad and connecting shaft needed for heat transfer calculations. Temperature of ambient air, tip of shaft, and 
base of pad. 

FIND: Housing temperature. 
SCHEMATIC: 



ASSUMPTIONS: ( I ) Steady-state conditions. (2 J One-dimensional conduction in pad and shaft. (>) Constant 
properties, (4) Negligible radiation. 

ANALYSES: * onsen ntion of energy yields 

^elee ~ Pmech _c lh _c lp _c ls ~ " 

qh =hhAh(Th-T a) ), q p = k p W , Ni- 



si nh mL 



/ 7 \ 1/2 
()]-(). mL-|41^LV'k s Dj . 



M= 



' 2 
4 



1/2 



(Th-T»). 



Hence 



1 * \ [/2 
'4 D\L f 



1/2 



tar 



:mh|4h s L 2 'k s Dj 
Substituting, liiilI solving for (Tj-, - T^), 



a/2 



h h A h - k p W 2 / 1+ ( [ ,t 2 / 4 j D 2 h s k s J " / tat ill ^4h s L 2 / k s D j 
|(,~ 2 /4]D ;, h s k s )' " - d.l>N W K. J 41.. I 2 k.Dj' - 3.87, tajmmL=(I.WJ 

T[, -Too 



(25-151x11 



4 «/ 



|^10x2+0.5(0.7) 2 /0.054-6.08/0.999jw/K (20+4.90+0. 1 5) W/K 

T h -T^ - 322. IK T h - 347. fC < 

COM ML [NTS: ( 1 ) is large enough to provide significant heal loss by radiation I aim the 
housing. Assuming an emissivity of 0.8 and surroundings at 25°C, q rac j = eA^ -T^ ]r J = 4347 

W, which compares with qconv - hA^ (T n — Too) -5390 W. Radiation has the effect of 
decreasing Th. (2) The infinite: tin approximation, q s = M, js excellent. 
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PRO I) I. KM 3 Am 



KNOWN: Dimensions, comeetive conditions, bipolar plate. h_\dro;>eii and air temperatures 
w ithin a luel cell. 

FIND: {a) Tire differential equation governing the membrane temperature distribution. \ (b) 
Solution ol die equation o I part (a), (c) Temperature distributions associated v\ilh carbon 
nanoiube loadings of() and 10 \ohmie percent. 



SCI I KM AT I C: 



Hydrogen 



t = 0.42 mm 



Air 

Qoanv.a 



Air: T, = 80°C 

h, = 35W/m z -K 



2L = 3 r 



tl 



Hydrogen: T h = 60°C 

h, = 23EW/m 2 -K 



ASSUMPTIONS: ( 1 ) Stead.% -slate conditions. (2) One-dimensional lieat transfer. (3) 1 1 inform 
volumetric energy generation, (4) Negligible contact resistance 



ANALYSIS: 

(a) Performing an encrg\ balance on the dil'i'erential control volume. 
+(d</dx)dx 



(1) 



u bete dqjj - q ■ t ■ dx . dq^ = h a (T - T a >dx . dq^,,, - h„ (T - T^dx 

Noting that i a - T h . [:q. ( 1 ) becomes 

q l dx =(dq^ /dx)dx - h a ( T - i.^ )dx - h h (T - T h )dx = (dq|,/d\)dx - [(li a - b K )(T - T h )]dx 
From Fourier ~s law, 

q' x --ktdT/dx 

and £^._L_f ( h a -h 11 ]n'-r a )l--i 



< 



dx k^t 



Continued... 
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PROBLEM 3.106 (Cmit.) 



(h) Defining 6 = T - T, and — \ - — \ . the differential equation becomes 

dx dx 



d 2 () <n a +h h K q 



dx 2 k^t 



e + - 



This is the second-order, differential equation, and its general solution is of the form 



where X = 



k-ir..J 



'■eff.x 



.Vipuipi :n:iiiLdai\ > ' ':n aie. 

()(()} -T Q - T„ = V d8/dx) x . L =0. 

Hence, % = C, + C 2 + S/X 2 

d»/dx) x . L = C^U^ - Cjte 41 = o c 2 = 

I lence. C t - (o„ - S / k 2 )j[ I + e 2XL ) C 2 = (e o - S / X 2 + c' 2j - L ) 



B = (B 0 -S/), 2 ) 



^Xk -Is 

c _ e 



I + e aL 1 + c" 2)i 



+ S/X 2 . 



< 



(e) for h a - 35 W/m 2 ■ K . b h - 235 W/m 2 ■ K and k^ = 0.79 W/m ■ K 



35 V, n: 2 ■ K - 235 W/m 2 ■k 
0.79 W/m ■ K. 0.42 * 10" J nt 



For q = 10 x 10 6 W/m 3 , S 



1 0 x 1 0 6 W/m j 
0.79 W/m K 



= 12 7 x 10 6 KVm 2 



The tempera l are distribution without, and wilh carbon nanokibe loading, is shown below. 



Continued. . . 
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PUOBLKM 3.106 (Cnnt.) 

keff.x = 0.79W/rn*2K 



88 



86 



84 




x(mm) 



Without carbon nanotube loading. 



ksff.x = 16.1 W:'rn*2K 




Willi carbon nanotube loading 



COMMIT TS: ( 1 ) The carbon tianouibes arc effective in reducing tlic maximum temperature of 
ilic membrane. (2) Contact resistances between the bipolar plates and the membrane can be large. 
Hence, the actual membrane temperature ^ill he higher than indicated uitii ibis anahsis. 
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PKOfiLKM.VIll7 

KNOWN; TC wire 1ci3 attached to ifee upper and lower surfaces of a eylmdnoally shaped solder 
bead. Base of bead attached lo cylinder head operating at 350°( Constriction resistance at base and 
TC wire convection o^ii Jjijujis. specified 

FIND: (a) Thermal circuit that can be used ft determine the temperature difference between the I wo 
intermediate metal T< junctions. (T\ TO; label temperatures, t hernial resistances and heat rates, and 
(hj Rvaiuate (1", Tn > fm I he prescribed eruditions Comment on assumptions made in building Ihe 
model. 



Winter arbtent conditions 



m 3 rnn 

k w =70W/m-K 



Cylndsr haad 
fc hsad = «W/nT4< 




Solder bead 
Dni-Bnvn 
1^ = 10 W?m-K 



Constriction naatatenoe 




ASSU MPT IONS: 1 1 1 Stea dy-state conditions. <2) Une-dimensional conduction in solder bead: no 
losses from lateral and lop surfaces; i3| TC wires behave as infinite tins, (4) Negligible Ihermal 
contact resistance between TC wire terminals and. bead. 

ANALYSES: (a) The Ihermal circuit is shown above Note labels fur the temperatures, thermal 
th " '''»l"v:int l™t t"lii_\es. The thermal resistances are as follows: 



P = jtD w ,A c 4 
-0..V 



resistances and the relevant lie 

emmmn (com w&$$fm. m Table 4.1, am m 

R con = 1 ' i 2k head D so| J " I ■" ( 2 - + ' W ■' m ■ K - O.OO-O m) = £« K / W 
TCftc) wires, Infinitely long {)»a. Etj. 1M 

R , c = (J 1 00 W / in 2 K x ( 0.00.1 m ^ > 70 W / m ■ K / 4 J = 40.3 I K/W 
Solder bead fxul). cvlitider and 

- Lsol ffWrWJ A sol /4 
R snJ - 0.010 m.'jtO W ■ m ■ K -,-( 0.006 m ) 2 m - 35.37 K/W 

lb | Perform energy balances on the I - and 2-nodes, solve Ihe equations simultaneously lu find T\ and 
T2- fnmi which (_Tj - l" 2 )can be determined. 



Continued 
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T; - T| T|| CLK | -Tj | J, -T| _ if 
R 



PROBl.KM 3.107 (font.) 

V-T| 



R snl ^con 
T, -T 2 ..T|-T 2 ^ 0 

SLihstitutiny riumenk.-al mUici. with the equating irrrhe //-/rWnrkspiiee. find 

T| =3i?T l - M&gg T, -T 2 - awe 

COMMENTS: ( I j With ihi> jrnnmomoitl. M U indiciitCN a >yslemi i tie.aliy low reading i.fiho 
cylinder head. The fift ufdw soldei head needs, to he reduced substantially. 

(2| The model neideets heal losses from I lie j$itj lateral sides o I I he sukler head, ihe effeel of which 
would be K) increase .'Lir estimate tbriT| -Ti)- CSl'flS'i^JpfOfl resistance is important, tiuk* that 'l| w? d~ 
"I | - & ( 
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PROBLEM 3.108 

KNOWN: Rod (D, k, 2L) that is perfectly insulated over the portion of its length L < x < 0 and 
experiences convection (T^, h) over the portion 0 < x < f L. One end is maintained at Ti and the 
other is separated from a heat sink at T3 with an interfacial thermal contact resistance Rjj.. 

FIND: (a) Sketch the temperature distribution T vs. x and identify key features; assume Ti > T3 > T2.; 
ill) Derive an cxprcssiiin l'»r Hie mid-poinl lenipemtuiv T 2 in terms of [hernial and geometric 
parameters of the system, (c) Using, numerical values, calculate T2 and plot the temperature 
distribution. Describe key features and compare to your sketch of part (a). 

SCHEMATIC: 



Insulation 
Ti =200°C-, 



h = S0QW/mZ-K ^ 



Rod, D. k 




Rtu 

T 3 =100°C 



D = 5 mm 

L = 50 mm 

k= 100 W/m-K 

Rfc = 4rt<r*m 2 -J0W 



ASSUMPTIONS: ( 1 1 Steady-state conditions, (2) One-dimensional conduction in rod for-L < x < 0, 
(3) Rod behaves as one-dimensional extended surface forO <x < +L, (4) Constant properties. 

ANALYSIS: (a) The sketch for the temperature distribution is shown below. Over the insulated 
portion of the rod, the temperature distribution is linear. A temperature drop occurs across the thermal 
contact resistance at x = +L. The distribution over the exposed portion of the rod is non-linear. The 
minimum temperature of the system could occur in this portion of the rod. 




(b) To derive an expression for J 2, begin with the general solution from the conduction analysis for a 
fin of uniform cross-sectional area, Eq. 3.66. 



0(x) = C 1 c rax +C 2 c 



mx 



0<x <+L 



(1) 



,1/2 



w here 111 (hi* k,\ c l ' and 0 1 1 \ 1 - T r: . The ;irhilrary constants are determined from Ihe boundary 
co nditions. 



At x = 0, thermal resistance of rod 



q x (0) = -kA c 



d^ 
dx 



(,', -0(0) 



^=Ti-T a 



m (. '| e 111 ( n' 



x=0 
0 



I[*-(q»° + c 2 c°)~ 



(2) 



Continued 
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PROBLKM 3.108 (font.) 



8i 



Atx /.. thermal contact resistance 



q x (+L) = -kA,— 

d x 



ep») 

TO 

x=0 



mCi 



,m[. 



■ mCiC 



\ = l. R \c' A c 

-mL 



x = L 



C,e mL + C,e 



ml. 



Eqs. (2) and (3) cannot be rearranged easily to find explicit forms for C\ and C 2 . The constraints wi 
be evaluated numerically in part (c). Knowing Q and C'2, Eq. (I) gives 



8 2 = 0(0) = T 2 - = Cj e° + C 2 e° 



■4i 



(c) With Eqs. ( 1 -4) in the IHT Workspace using numerical values shown in the schematic, find T2 = 
62.1°C. The temperature distribution is shown in the graph below. 



Temperature distribution in rod 



£ 
5 



200 



150 



100 



50 



-50 -30 -10 10 30 

x-eoordinate, x (mm) 



50 



COMMENTS: ( I ) The purpose of asking you to sketch the temperature distribution in part (a) was to 
give you the opportunity to identify the relevant thermal processes and come to an understanding, of 
[he sysiom hdui\ ior. 

(2) Sketch the temperature distributions for the following conditions and explain their key features: 
(a) RJ C =0, (b) Rj c — >■ 00, and (c) the exposed portion of the rod behaves as an infinitely long fin; 
that is, k is very large. 
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PROBLEM 3.1 119 



KNOWN; Diameter and base temperature of a silicon carbide nanouire. required temperature of 
:hc ca:al> -1 L:i. 

[ [\f>: Maximum length ofananowire thai nun he grown under specified conditions. 
SCHEMATIC: 



T 

id 



2400 K < T c < 3000 K 



.T„= 8000 K 
- h = 10 5 W/m 2 K 




«-D = 15 x 1Q- a m 



T b = 2400 K 



ASSUMPTIONS: ( 1 ) Nanowirc stops growing when T c = T(x = L) = 3000 K ? (2) Constant 
properties. (3) One-dimensional heat transfer, (4) Convection from the tip of the nanowirc, (5) 
Nauo^iic ]>i;n\> \ c:\ slm\ h . (jn) Negligible :.i:puci of nanus. ale heal :iau<c: effects. 

PROPERTIES: fable A.2. silicon carbide (1500 K>: k - .it] W/'m-K. 

ANALYSIS: The tip of the nanow ire is initially at T - 240!) (C. and increases in temperature as 
the nanow ire becomes longer. At steady -state, the lip ['caches T - 3000 K.. The temperature 
distribution at steady-state is a hen by Uq. 3.70: 



(! _ cosh m j 1 . - \ j + [ h / mk) sinh m ( 1 . - \ ) 
D k cosh mL + (h / mk) sinh mL 



(1) 



w iiei e 



m ■ 



■ hV 



-,1/2 



4h f _ 
kD 



4 IP' W/'in 2 ■ K. 
s 30 W/m K ■ 15 ■ 10" 9 m, 



.1/2 



= 943 x 10 3 rn- 



W/m ■ K 



mk 943 x 10 3 m 1 x 30 w/m - K 
Equation L evaluated at x= I,, is 
U ( .i 000- 8000) k 



= 3.53 x nr 3 



6 b (2400 - SOOO) K 



-0.893 - 



cosh (94 3 x 10 3 x L)+3.53 * 10 J sinh (943 x 10 3 x L) 



A trial-and-error solution yields L = 510 * 10" 9 m = 5 10 nm 



< 

Continued... 
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PROBLEM 3.109 (Cont.) 



COMMKNTS: { 1 j The importance of radiation heat transfer ma\ be asL-er Ui i nod In evaluating 
liq. 1.9. Assaming Large surroundings al a temperature (>i"]' 5ur - SOCK) K. and an emissivitv of 
unil>. the radiation Ileal transfer eoelficient at the Jin tip is 



- 5.67 10 s W/m- K 4 x (3000 K + 800O K) x [(3000 K) 2 + (8000 K) 2 ] = 4.5 x lO 4 W/m 2 K 



We see that h„ < h. but radiation ma\ be important. (2)"l he thermal conductivity has been 
evaluated at 1500 K and extrapolated to a mueh higher temperature. Mote aeeurate values ol'the 
thermal conductivity, accounting for the high temperature and possible nanoseale heat transfer 
effects, arc desirable. (3) [f the nanowirc were to grow rapidly, the transient temperature 
distribution v, itliin the nanouire would need to he evaluated. 
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h ( = £fj(T(x = L) + T sur )[~T 2 (x=L) - T 2 



['ROB [. MM 3,1 10 



KNOWN: Temperature sensing probe of thermal conductivity k. length 1. and diameter D is mounted 
on a duet wall; portion of probe L ; is exposed to water stream at T tX . j while other end is exposed to 

ambient air at T. r _ 0 : eonveetion eoelfieients lij and h c are preserihed. 

FIND: (a) Expression for the measurement error, AT crj . = Tj-jp - Ty_, j , (b) For prescribed T w j arid 
T w 0 . calculate AT crr for immersion to total length ratios of 0.225. 0.425, and 0.625, (c) Compute 
and plot the effects of probe thermal conductivity and water velocity (li,) on AT crr . 

SCIIFMAITC: 



A o =10WAn 2 *K 



I k Duct 

I I 

i 0= 12.5 mm I I f 
■* J — 1 fc_ 



Probe 



1 



i T 



/i/= 110C W/m 2 • K 
t Sensing tip, 



k- 



I I 

£.=200 mm 



k 

■J 



ASSl'MPTIONS: ! I ) Steady -state conditions. (2) One-dimensional conduction in probe. (3) Probe in 
Lliamuf;.. isuliileil J:om Lie e.icl. (4i t'nn\ w-ctioi: coefficient uic miiJium mci :l:cn respective lesions 

PROPF.ItTIES: Probe material (given): k = !77W/m-K, 



ANALYSIS: (a) Todcri\e an express ion fur 



AT, 



Tup - T./: i ■ «e need to determine lite 



'err J up ■ 

temperature distribution in the immersed 
length of the probe Ti(s). Consider the probe 
to Consist oflwo i L-jjinii-.. :) \, I j. Ike 
immersed portion, and 0 < < (L - Lj), the 
ambient-air portion where the origin 
..in/ lo Lie loculk'i: l ■ J ' : 1 1 dud v, 

Use the results for the temperature distribution 
and fin heat rate of Case A. Table 3.4: 

Temperature distribution in region i: 




I, l.\t I..; a]sh(]n i (Li-xi)) + (h i /inik)sinli(Li - \ \ 



Tn T 



cosh (m;I..j )- ( hj /mjk ) sinh (mj L; ) 



and the tip temperature. T tip - 'Hi Li) at x f - I.l- is 



lip ' 



<■ . i 



To Tgoj 
and hence 



= A = 



cosh (0) + (ltj/niik) sinh (0) 
eosli(mjl.| ) + (hj/m;k )sinh ( m [ I - i } 



AT crr = T tip - T «,i = A ( T o " T »,i ) 



: I i 



:2i 



3i< 



where T„ is the temperature at \, - x„ - 0 which at present is unknown, but can be lound b\ setting the 
lin heal rates equal, thai is. 



qf, e - -qr,i 



:4i 



( ontiimed. 
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PROBLEM 3.110 (Conl.) 

(h n PkA L ) [/2 % tr B--( hi PkA c ) l/2 ^ r C 



Soli in- :iv T c . i i 



V _ T 0 -T qQQ _ (hjPkA c )' /2 C 
%i 1 1 .. : (h 0 PkA c ) 1/2 I3 ,V 15 

1/2 

. 1, / | _ 



i 

J o 



B 



where the constants B arid C art. 

sinh (m 0 I, 0 ) + (h 0 /m 0 k)cosh (nt 0 I, 0 ) 
cosh (m 0 L o )-b(h o /m 0 k) sinh (m 0 L o ) 



11 



C 



sinh (nijLj )-(hj/mjk)i;<>sh(injLj ) 
ct)sh{m;Lj )- (bj/mjk)sinh(nijl,j ) 



(5) 



(6) 



(7) 



(b) To calculate the immersion error lor prescribed immersion lengths, l.j/1. - 0.225. 0.425 and 0.625. 
\\c use liq. (3) lis well as fas. (2. 6. 7 and 5) lor A. B. C. and T 0 . respeeiiveh . Results of these 
calculations are summarized below 



1 , 1 


[-□ (mm) 


l. L (nun ) 


A 


B 


C 








0.225 


155 


45 


0.2328 


0.5865 


0.973 1 


76.7 


-0.76 


< 


0.425 


115 


85 


0.0396 


0.4639 


0.992 


77.5 


lii 


< 


0.625 


75 


125 


0.0067 


0.3205 


0.9999 


7K.2 


-0.01 


< 



(e) The probe behaves as a Tin having 
ends exposed to the cool ambient air and S 
the hot ambient water whose £ 
temperature is to be measured. As f 
shown above, the probe is more accurate s 
when more of its length is ex posed to 
the water If the thermal conductivity is § 
decreased, heat transfer along the probe f 
length is likewise decreased, the tip 
temperature will be closer to the water 
temperature. 1 1'the velocitv of the water 
decreases, the convection coelTicient 
will decrease, and the dilTerence 
klv.ccu llic and vmUci lc:i:pci Lilu:e^ 
will increase. 




0.2 0.3 0.4 0.5 0.8 0.7 

Immersion length ralic- UA. 



Basecaae: k = 177 "Mm.K; ha = 11Q0Wm*2K 

— ■ — Lew velocity flew k = 177 Wrm.K; ho = 500 YirAn*2.K 

— •— Lcwconduttiuity probe: k = 50 Wm.K: ho = 1100 VWm'ZK 
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I'KOIiLKM 3.111 



KNOWN: Rod protruding normally from a furnace wall covered with insulation of thickness Lj^ 
with the length L c exposed to convection with ambient air. 

Fl N [>: (a) An expression for the exposed surface temperature T Q as a function of the prescribed 
thermal and geometrical parameters, (b) Will a rod of L 0 = 100 mm meet the specified operating 
limit, T 0 < 100°C? [f not, what design parameters would you change? 



schematic: 



Insulation 



Fumaca wall, 
T W =200°C 




I*) 
T x = 25 °C 



A=15W/m 2 *K 
T n i100°C Rod, D= 25 mm 



4- 



4 



^=200 

ASSUMPTIONS: (1 ) Steady-state conditions, (2) One-dimensional conduction in rod, (3) Negligible 
thermal contact resistance between the rod and hot furnace wall, (4 ) Insulated section of rod, I . ms , 
experiences no lateral heat losses, (5) Convection coefficient uniform over the exposed portion of the 
rod, L 0 , (6) Adiabatic tip condition for the rod and (7) Negligible radiation exchange between rod and 
its surroundings. 

ANALYSIS: (a) The rod can be modeled as a thermal network comprised of two resistances in 
series: the portion of the rod, Lj IS , covered by insulation, R^, and the portion of the rod, L n , 
experiencing convection, and behaving as a fin with an adiabatic tip condition, Rf m . For the insulated 
section: 



^ins _ Ljns/kAc 



For the fin, Table 3.4, Case B, Eq. 3.76 

i 

R Tin = &bhi 



If 



T\/r T g fix 

■ o-^vVVWVVVVVV<= 



(hPkAc) 1 ''' 2 tanh(mL 0 ) 



m = (hP/kA c ) 1/2 \ - vF)-/: 



r .?]) 



From the thermal network, bv inspection, 



I I 



Min 



Tin 



R: 



Rr, 



I in 



Rw + Rr; 



-(T W -T TO ) 



I in 



(b) Substituting numerical values into Eqs, U ) - (ti) with L„ = 200 mm, 

„ 6.298 , „ o 

T„ = 25 C + (200-25) C = 109 C 



6.790 + 6.298 
(i 2()iim 



ins 7 
Mi / 



m ■ K x 4.909 xlO^ 4 m 2 



6.790 K/W A c = ff(0.025m) 2 /4 = 4.909x10 



R fin =^0.0347\V 2 /k : ] lanh(6.324xtj.2()ri)- 6.2^SK/\V 

( hJ*k.\ c ) = ( I ? w/ in 2 ■ K ,t ( ').('2 5 m) x (.(i w/ in ■ K 4.'J" w 1 1)" 4 in 2 J = D.0M7 



W 2 / 



(3,4,5) 



i 'unLituied... 
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PROBLEM 3.111 (Cont.) 

m - (hP/kA c ) l/2 - |l 5\v/m 2 K .? (0.025 m)/<>i)\v/m K. 4.W lU^m 2 ) - 6.324 m"' 

Consider the following design changes aimed at reducing T c < 100°C. ( 1 ) Increasing length of the fin 
portions: with L„ - 400 and 600 mm, T D is I02.8°C and 102.3°C, respectively. Hence, increasing Lo 
will reduce T D only modestly. (2) Decreasing the thermal conductivity: backsolving the above 
equation set with T 0 = 10O°C, find the required thermal conductivity is k = 14 W/'m-K. Hence, we 
could select a stainless steel alloy; see Table A.l. (3) Increasing the insulation thickness: find that for 
T D = 100°C, the required insulation thickness would be L ins = 211 mm. This design solution might be 
physically and economically unattractive. (4) A very practical solution would be to introduce thermal 
contact resistance between the rod base and the furnace wall by "tack welding" (rather than a 
continuous bead around the rod circumference J the rod in two or three places. (5) A less practical 
solution would be to increase the convection coefficient, since to do so, would require an air handling 
unit. (6) Using a tube rather than a rod will decrease Ac. For a 3 mm tube wall and 25 mm outside 
diameter, A c = 2.07 * ICf 4 m\ R il]a = 16.103 K/W and R fin =8.6I K/W, yielding T 0 = 86 °C. 
j conduction within the air inside the tube is neglected). 

COMMENTS: ! I ) Would replacing the rod by a thick-walled tube provide ;i practical solution? 

(2) The IHT Thermal Resistance Network Mode! and the Thermal Resistance Too! for a fin with an 
(idfafxtth tip wore used lo create a model of the rod I he Workspace is show n below 

V Thermal Resistance Network Model: 

it The Network: 



q-1 tj2 q3 



II Heat rates into node ].qij. through thermal resistance Rij 
q21 = <T2 -T1)/ R21 
q32 = (T3-T2)/ R32 

II Nodal energy balances 
q1 +q21 = 0 
q2 - q21 + q32 = 0 
q3 - q32 = 0 

r Assigned variables list: deselect the qi, Rij and Ti which are unknowns: set qi = 0 for embedded nodal 

points at which there is no external source of heat, "t 

T1 = Tw It Furnace wall temperature, C 

//q1 = It Heat rate, W 

T2 = To It To, beginning of rod exposed length 

q2=0 //Heat rate, W; node 2; no external heat source 

T3=Tlnf //Ambient air temperature, C 

//q3 = // Heat rate, W 

// Thermal Resistances: 

// Rod - conduction resistance 

R21 = Lins / (k * Ac) // Conduction resistance, K/W 

Ac = pi " D A 2 / 4 // Cross sectional area of rod, m A 2 

// Thermal Resistance Tools - Fin with Adiabatic Tip: 

R32 = Rfin // Resistance of fin. K/W 

/* Thermal resistance of a fin of uniform cross sectional area Ac. perimeter P, length L, and thermal 
conduct hrtty k with an adiabatictip condition experiencing convection with a fluid at Tint and coefficient h, */ 
Rfin = 1/ [ tanh (m*Lo) * (h * P * k * Ac J A (1/2) ) // Case B, Table 3.4 

m= sqrt(h*P / (k'Ac)) 

P=pi*D // Perimeter, m 

// Other Assigned Variables: 

Tw = 200 it Furnace wall temperature, C 

k = 60 // Rod thermal conductivity, W/m.K 

Lins = 0.200 // Insulated length, m 

D = 0.025 // Rod diameter, m 

h = 1 5 //Co nvect io n coeffic ie nt, W/m A 2 . K 

Tlnf= 25 //Ambient air temperature.C 

Lo = 0.200 // Exposed length, m 
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PROBLEM 3.1 1 2 

KNOWN: Rod (D, k, 2L) inserted into a perfectly insulating wall, exposing one-half of its length to 
an airstream (T^, h). An electromagnetic field induces a uniform volumetric energy generation (q) in 
l he imbedded portion 

KIM): (a) Derive an expression for Tb at the base of the exposed half of the rod; the exposed region 
mav be approximated as a very long fin; (b) Derive an expression for T 0 at the end of the imbedded 
halt of the rod, and (c) Using numerical values, plot the temperature distribution in the rod and 
describe its key features. Does the rod behave as a very long fin? 



□ = 5 mm 
L = 50 mm 
k = 25 W/m-K 
$ = 1x1 (^W/m 3 




ASSUMPTIONS: ( 1 ) Steady-state conditions. (2i One-dimensional conduction in imbedded portion 
of rod, (3) Imbedded portion of rod is perfect ly insulated, (4) Exposed portion of rod behaves as an 
infinitely long fin, and (5) Constant properties. 

ANALYSIS: (a) Since the exposed portion of the rod (0 < x < + L) behaves as an infinite fin, the fin 
heat rate using Eq. 3.80 is 



q x (0)-q r -M-(h]>kA,)' ~ I T, - f .. ) 



0) 



from an energy balance on the imbedded portion of the rod, 
q f =qA,[. 

2 

Combining Eqs. (1) and (2), with P = jtD and A c = rcD 74, find 



-1/2 



qA^' 2 L(hPk) _ 



T b I ■ Hi (hPkAj 

lb) 'I lie imbedded portion of the rod i-I. \ Oj experiences one-dimensional heat transfer with 
uniform q. From Eq. 3.43, 



(2) 



V) < 



~2k~ 

(c) The temperature distribution T(x) for the rod is piecewise parabolic and exponential, 



= exp(-mx) 



-L<x < 0 



0<x <+L 



whore m ( hP kA c ) 



1/2 



Continued 
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PROBLEM 3.1 12 (Cont.) 



The gradient at x = 0 will be continuous since we used this condition in evaluating TV The 
distribution is shown below with T 0 = 105.4°C and T^ = 55A°C. 



T(x) over embedded and exposed portions of rod 
120 -i 1 1 1 1 1 1 1 1 1 




-50 40 -30 -20 -10 0 10 20 30 40 50 
Radial position, x 

COMMENTS: The assumption that the rod behaves as an infinitely long fin is accurate; we 
see from the figure above that the temperature approaches the ambient temperature near the 
end of the rod. 
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PROBLEM 3.113 

KNOWN: Verv Ions rod [II k) subjected to induction heating experiences uniform \ alumctric 
generation (q) over the center. 30-mm Ions portion. The unhealed portions experience convection 

(Too, h ) 

KIND: Calculate the temperature olThe rod at the mid-point oftlie healed portion within the coil. T 0 . 
a. id a: die cdiic oj'ike heated pou [mil. [j,. 

SCHEMATIC: 



o o o o^q = 7-5*1 r^w/m 3 



ioooo 




L = 15 mm 



■+ * w Vary long rod, 5 mm dia. 
k = 25 W/m-K 



x=0 x=L 



Fin 



ASSUMPTIONS: ( I) Slcad> -state conditions. (2) One-dimensional conduction with uniform q in 
portion of rod within the coil, no convection from lateral surface of rod. (3) Imposed portions of rod 
behave as inliniiek long fins, and (4) Constant properties, (5) Neglect radiation. 

ANALYSIS: The portion of the rod within the coil. 0 < \ < - L. experiences one-dimensional 
conduction with uniform generation, from liq. 3.43. 



2k 



+ Ti 



(1) 



flic portion of the rod beyond the coil. I • \ - c. behaves as an infinitely Ions fin lor which the beat 
i nc . :•! i 3.S;i i> 



1/2 



q f =q x (L} = (hPkA c ) 1 -(T b -T 00 ) 



(2) 



where P - jtD and A t - tcD /4. from aji overall encrav balance on the imbedded portion of the rod as 
illustrated in die schematic above, find the heat rale as 



'-in ^otit + Egcn - 0 



-q r + qA L I.-0 

qf = qA c L 

Combining Eqs. ( 1-3), 

T h -'l a +qAy 2 L(ltPk) 



-1/2 



and subslikilins numerical values find 



(3) 

(4! 
(5) 



I,., 305 C T b = 272°C 

COMMENT: Assuming e=().8 and T 51lr - T, - 20 "C. had- 14.6 W/m 2 'K. I lence. radiation is 
significant and would serve to substantially reduce both T c and T b . 
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PROBLEM XI 14 

KNOW V Dimensions, end temperatures and volumetric heating of wire leads. Convection coefficient 
and ambient temperature. 

FIND: (a) liquation governing temperature distribution in the leads, (hi form of the temperature 
distribution. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in x, (3) Uniform volumetric 
heating, (4) Uniform h (both sides), (5) Negligible radiation, (6) Constant properties. 

ANALYSIS: (a) Performing an energy balance for the differential control volume, 

Ein " Eout +E g =0 q x " qx - dx " dqcotiv + qdv - 0 

-kAcl ~ kA cl T~\ ^cT dx - hPdx ( T - T ^) + ^ A c dx = 0 

dx dx dx dx . 

d 2 T hP , q ^ 

dx" kAc k 

(b) With a reduced temperature defined as 0 = T - T m — (qA c /hP) and m 2 = hP/kA c , the differential 
equation may be rendered homogeneous, with a general solution and boundary conditions as shown 

^-m 2 0 - 0 0(x) = qe ms - C 2 c- mx 

dx" 

0 b -c 1+ c 2 e c = c lc mL +c 2 c- mL 

it follows that 

f\ , ml. n f , jnl. 

c 0 h c -C-\. c -0 h e 

' ml. ml. - ml. ml. 

e — c e - e 

/~ ml, ,1 \ mx , i / . I-, mL \ -mx 

0 x =A ! — J < 

e mL_ e mL 

C( IMMENTS: If q is large and h is small, temperatures within the lead may readily exceed the 
prescribed boundary temperatures. 
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PROBLEM 3.115 



KNOWN: Disk-shaped electronic device (D, Ljj, ly) dissipates electrical power (P e ) at one of its 
surfaces. Device is bonded to a cooled base (T 0 ) using a thermal pad (L p , kyj. Long fin (D, kf) is bonded 
to the heat-generating surface using an identical thermal pad. Fin is cooled by convection (T^, h). 
KIM): (a) Construct a thermal circuit of the system, (b) Derive an expression for the temperature of the 
heat-generating device, Tj, in terms of circuit thermal resistance, T Q and T^; write expressions for the 
thermal resistances; and (c) Calculate Td for the prescribed conditions. 

SCE IK VIATIC: 



T D = 20°C 



rt 



Heat generating surface, P„ - 15 W, Tj 




Long fin, D, kf j m = 15°C 
Davle&,kd h = 250 VWm^K 

-Thamal pads, kp 



L(j = 3 mm 
K[j=25WBni-K 

Pads 

Lp = 1.5 mm 
kp = 50 W/m-K 



Fms 

D = 8 mm 

kf =230 W/m-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through thermal pads 
and device; no losses from lateral surfaces; (3) Fin is infinitely long, (4) Negligible contact resistance 
between components of the system, (5) Constant properties, (6 ) Negligible radiation heat transfer. 

ANALYSIS: (a) The thermal circuit is shown below with thermal resistances associated with conduction 
(pads, R p ; device, Rj) and for the long fin, Rf. 

— ►^WV L ^WV@VSA/^WsA a> -< — 



(b) To obtain an expression for Tj, perform an energy balance about the d-node 

Ein-Eout + %- p e _ <> 
Using the conduction rate equation with the circuit 
Tq-Tj „. T m -T d 



qh 



I 2 



R r + R Ll Rp+Rf 

Combine with Eq. (1), and solve for T^, 

T ^ Pe + V( R p + R d ) + "W( R p + Rf ) 
l,(Rp + R d ) + !/(Rp + Rf) 

2 

where the thermal resistances with P = itD and A c = TtD /4 are 

R p = L p /kpA c R d = [. d /k d A, Rf-(hPk r A c ) 
ie) Suhslituting numerical values with the foregoing relations, find 

R p -"] .Ml K / W R d - 4.244 K / W Rf -5.712 K/W 

and i lie de\ ice [empemLure a-. 

T d - (i2.4 :j C < 

COMMENTS: What fraction of the power dissipated in the device is removed by the fin? Answer: 
It. IV 47%. 



ill 

(2,3) 

(4) 

(5,6,7) 
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KNOWN; Dimensions and ihormal conductivity of a gas turbine hUido. Temperature and convection 
coefficient of gas stream ['omper.ilure o f h Uidc Iviv and maximum allowable h Uide icmpcruiurc 

FEND: fa] Whether blade operating conditions are acceptable, (hi Heat transfer to blade coolant. 

SCU KM A'l EC: 

Turbine blade, 

Ar = 2DW/mK,A (! = 6x10- 4 m 2 , 



1>1200<V 
h=250Wftr?K 



P=0.11 m 




Disc 



ASSUMPTIONS: (l) One-dimensional, steady-state conduction in blade, (2) Constant k, (3) Adiabatic 
blade tip, (4) Negligible radiation. 

ANALYSIS: Conditions in the blade are determined by Case B of Table 3.4. 
(a) With the maximum temperature existing at x= L, Eq. 3.75 yields 
T(L)-T, _ I 
- T-^ cosh ml_ 

m - ( h P/kA c ) 1 ''' 2 - (250 W/m 2 -KxO.ll m/20 W/m ■ K x 6 x 1 0 4 m 2 J 

m = 47.87 m" 1 and mL = 47.87 m" 1 x 0.05 m = 2.39 
From Table B. 1 , cosh mL - 5.5 1 . Hence, 



T ( L ) - 1 21 M f C + (3 00 - 1 200)^ C/5 .5 1 = E 037 °C 

and the operating conditions are acceptable. 



1/2 

(b) With M = (hPkA c )' ' 2 C-) b = (250W/m 2 ■ K x 0. 1 lm x 20W/m -Kx6x 10^ m 2 J (-900° c) = -517 
Eq. 3.76 and Table B. 1 yield 

q f = MtanhmL = -517W(0.9S3) = -508W 



< 



w 



Hence, q n _ -qf ~ 508 W 



< 



COMMENTS: Radiation losses from the blade surface and convection from the tip will contribute to 
reducing the blade temperatures. 
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PRO It L KM Jt.117 

KNOWN; Dimensions of disc/shaft assemhlv Applied angular velocity, force, and torque. Thermal 
conductivity and mnenemperaiure nfdisc. 

n\D: i a} Expression for the friction coefficient jl. lb> Radial temperature Jistnhution in disc, ici \ alne 
of p for prescribed conditions 



SCHEMATIC: 



k— M-* = 



$ r ■ 

ro = 40/Bdfe 
t = 8 Nm 



F = 200 



mrt~p 



Qcond.r* dr 
^fric r 2 ~ 1 S0 mm 



= 15VWmK 



ASSUMPTIONS: ( I ) Steady-suite eoriditfaflj, (2.) Oue-dunemiionnl radi;il conduction. (3) ( uitsutni k. 
(4) Uniform disc comae! pressure p, |5| \ll frietional Ileal dissipation is (ranslenwl to shall from base of 
disc. 

ANALYSIS; (a) The normal force acting on a differential nng extending from r (o ri-dr on the contact 
surfact- of Ihf disc may be caressed as dF n - - |)2^rt!r I !enee. die tangentm! fuiee .$ dFj = pplxtib . 
in which case I he torque ma\ be expressed as 

[■or the entire disc, it follows thai 

rfi 1 , 2 ~ § 
T — 2iifjp I , r~dr ppr'i 

w lie re p = fJ.tv' I lence. 
2 Fi- 2 

{bj Performing an energy balance on a differential control volume in die disc, it follows [bat 
^cond.r -Mfjfa -^Iconda'-dT^ 0 

Willi Jq fnc 2^Fw|r 2 / 1 )di , q^nd.r+dr s *-'lcond.r * (^cond.r /dr) dr , and 

qcondu- = -k<2jnt>dT/dr. u follows lhal 

or 



r )_ y 2 

$ mi 



Integrating twice. 



Continued. 
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PROBLEM 3.1 17 (Cant.) 



JT 

dr 



T = _j££L r 3 + Cl fnr + C 2 



Since the disc is well insulated at f - t^, dT/dtj^ -0 and 
3^kt 

Willi T(q ) = T| , it also follows that 



C, =T, 



9,Tktr: 



Hence, 



T( 1 .).T 1 -^(r ? - t f)-^^fn^ 



(c) For the prescribed conditions. 



3 



• (i 333 



2 200N(0.18m) 

Since the maximum temperature occurs at r = r 3 , 



Vax =T(r2) = Ti 



9,Tkt 



3jrkt ^ r[ 



With (//Fwr 2 /37rkt) = (0.333 x200Nx40rad/sx0.18m/3^x]5W/m-Kx 0.01 2m) -282.7 <1 C, 



8(TC 



2*2 7 ( ■ 



0.02 
0.18 



+ 282.7 Cfn 



-I 
02 1 



0.18 
1 n 



T max = 80 C-94.rC + 62].rC = 607 v C 



COMMENTS: The maximum temperature is excessive, and the disks should be actively cooled (by 
convection) at their outer surfaces. 
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PROBLEM 3.118 

KNOWN; Extended surface of redan gu Jar cross-section with feat flow m the longitudinal direction. 

MM): Determine the- conditions for which Ihe Iransverse iy-direction} temperature difference is 
negligible compared to the temperature difference between the surface and the environment, such that 
the 1-0 analysis of Section 3.0. 1 is valid hy linding: la) W expression for Ihe eoiiduelion heat flux at 
the surface. Hy (' }■ 111 K ' nns $% ^sunnng ihe tew temperature distribution is 

parabolic, (hi \n expreaifcfl foi the convection heal flux at the surface far the vloealion. equate the 

two exp ress i otis. and identify the parameter that determines lite ratio H 0 - T s )A'Ts- T*,): and Cc\ 
Developing a criterion fur the validity of the 1-D assumption used to model an extended surface 

SCHEMATIC: 




......4™....^... 




Temperature attribution «{ «ny x-loc*tion 

ASSUME-HUNS.; ( [ i steady-state cndilions. C) Uniform convection e<. efficient and 13) Omstant 
properties 

ANAL VMS: (ai deferring In the schematics ab^ve. ihe conduction heat flux at the surface y = t at 
any vacation follows from Kourier's lav. using thepaiabohc transverse temperature distribution. 



f y \-=t k r , v =t ■ 



in 



7=t 



y=t 



ihi The convection heat flux at the surface of any x-location follows from the rate equation 

q£ v =h[T s (x)-T, | 1-1 

Performing a surface energy balance as represented schematically above, equating !:i]s. jj I j and (2) 
provides 



(x|-T 0 (x)|-h|T,(,)-T„,] 

Ts(x)-T u W ^ s h,_^ { 
T s (x)-T*<x> k 

vvheie Bl = \\V% the Bmt number, represents the ratio of the conduction to the convection thermal 
resistances. 

|c) The transverse lempe rat lire difference |T S ■ "T^) will he negligible compared to the temperature 

difference bet\veen the Mirface and the environment |T 5 - r^vvhen Bi •=•- I. say. (I. I. an order of 
magnitude smaller. This is the criterion $ validate Ihe one-dimensional assumption used io m..deJ 
extended surfaces. 

COMMENTS: The coefficient 0.5-tn Eq. (3) is a consequence of the parabolic distribulnui 
assumption, This distribution represents the simplest polynomial expression th " 
the real distribution 
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PROBLEM 3.119 

KNOWN: Long, aluminum cylinder acts as an extended surface. 

FIN I): (a) Increase in heat transfer if diameter is tripled and (b) Increase m heat transfer if 
copper is used in place of aluminum. 

SCHEMATIC: 



Aluminum 
or copper 



ASSUMPTIONS: ( 1 ) Steady-state conditions. (2) One-dimensional conduction, (3) Constant 
properties, (4) Uniform convection coefficient, {5) Rod is infinitely long. 

PROPFRTILS: Table A- 1. Aluminum (pure): k=240W/m-K; Table A-f, Copper (pure): k 
= 400 W/m-K. 

ANALYSIS: (a) For an infinitely long fin, the fin heat rate from Table 3.4 is 
q f = M-(hPkA c ) [;2 fl h 




q r -(hjrDk jt D 2 /4) " 0 h - -^(hk) 1; 2 D Si2 0 h - 



where P = TtD and A L . = 7iD"/4 for the circular cross-section. Note that qpa D" ' . Hence, if 
the diameter is tripled, 

and there is a 42<l% increase in heat transfer. < 

1/2 

(b) In changing from aluminum to copper, since q t -a k , it follows that 

1/2 ... ,1/2 

i :■■> 



Hri<"ii) 

q f (Al) 



: A1 



4(i(i 



240 



and there is a 2'-)% increase in the heat transfer rate. < 

COM ML NTS: ( 1 ) Because fin effectiveness is enhanced by maximizing P/A c = 4/D, the use 
of a larger number of small diameter fins is preferred to a single large diameter fin. 

(2) From the standpoint of cost, weight and machinability, aluminum is preferred over copper. 
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PROBLEM 3.120 

KNOWN: Length, diameter, base temperature and environmental conditions associated with a brass rod. 

I" IN I): Temperature at specified distances along the rod. 

SCHEMATIC: 



--ZQ°C 



T.=2Q0*C ■ 



x a = 0.015-m 
x z =O.G5m 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, (4} 
Negligible radial inn. (5) Uniform convention coefficient h. 

PROPERTIES; Table A-!. Brass (f - 1 10°C"J: k - 1 33 W/m ■ K. 
ANALYSIS: 1 Aaluale first the fin parameter 



in 



" hp " 


1/2 


1i,t D 


1/2 


4h 


1/2 


4x30 W/m 2 - K 


kA c 




_br D 2 /4_ 




kD 




133 W'/m-KxO.OOSm 



i : 



m - 1 3.43 m 



■] 



Hence, m L = (13.43)x0.1 = 1.34 and from the results of Example 3.9, if is advisable not to make the 
infinite rod approximation. Thus from Table 3.4, the temperature distribution has the form 

cosh m(L - x) + (b/mk jsinh m( L - \) 

v ~ : ; — : t'b 

cosh mL + (b/mk Jsinh mL 

Evaluating the hyperbolic functions, cosh mL = 2.04 and sinh mL = 1.78, and the parameter 



30 W/m" ■ K 



™k 1 3.43m" [ (1 33 W/m - K) 



■- 0.0 168, 



with 0[, = 1 80 :: C the temperature distribution has the form 
:osh m(L-x) + 0.0168 sinh m(L - x) 



0 



: i)7 



-(iso'c). 



The temperatures at the prescribed locations are tabulated below. 



x(m) 


cosh m|L-\) 


sinh m|L-x) 


0 


T(°C) 




xi =0.025 


1.55 


1.14 


136.5 


156.5 


< 


x 2 = 0.05 


1.34 


0.725 


108.9 


128.9 


< 


L = 0.10 


I 00 


0.00 


o 


107.0 


< 



COMMENTS: If the rod were approximated as infinitely long: T(\| } = 148.7 :; C, T(xt) 
1 12.0 !! C, and T{L) = (i7.0' :: 'C. The assumption would therefore result in significant 
underestimates of the rod temperature. 
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PROBLEM 3.121 

KNOWN: Thickness, length, thermal conductivity, and base temperature of a rectangular fin. Fluid 
temperature and convection coefficient. 

]•'] N [>: (a) Heat rate per unit width, efficiency, effectiveness, thermal resistance, and tip temperature 
for different tip conditions, (h) L fleet of convection coefficient and thermal conductivity on the heat 
rate. 

SCI [KM A no 



h = 100 WAi*-K <J v5*^ f— Aluminum alloy 
T b = 10O°C ^ 1 / 1 k=180WAn-K 




' / mum 

-»| T t-i 



L = 10 mm *\ T t = 1 mm 

ASSUME'] IONS: [ I ) Steady-state, [2 j ( >ne-dimensional conduction along fin, (3) Constant 
properties, (4) Negligible radiation, (5) Uniform convection coefficient, (6) Fin width is much longer 
than thickness (w» t). 

ANALYSIS: (a) The fin heat transfer rate for Cases A, B and D are given by Eqs. (3.72), (3.76) and 
(3.80), where M * (2 hw 2 tk) (T b - T m ) = (2 x 100 W/ra 2 -K x 0.001m x 1 80 W/m-K) 1/2 (75°C) w = 
450 w W, m» (2h/kt) 1/2 ' = (200 W/m 2 -K/l 80 W/m-K xO.OOlm) 1 ' 2 = 33.3m" 1 , mL * 33.3m" 1 x 0.0 10m 
= 0.333, and (h/mk) * (100 W/m 2 K/3 3.3 m" 1 x 1 80 W/m-K) = 0.0167. From Table B-l, it follows that 
sinh mL * 0.340, cosh mL * 1 .057, and tanh mL * 0.32 1 . From knowledge of qf, Eqs. ( 3.86), (3.81) 
and (3.83) yield 

„ qf . „ 

h(2L + t)tf b b\0 h • qj- 

Case A: From Eq. (3.72), (3.86), (3.81), (3.83) and (3.70), 

M sinh ml. - ( h mk) cosh ml. 0.340 + 0.0167 x1.057 

q f = - '- = 450 W / ra = 15 1 W / m < 

w coshmL i (h mk)sinhm[. 1.057 + 0.0167x0.340 

151 W/m ^ 
f}{ ~ 0.96 <■ 

100 W/m 2 ■K(O.02[mp5'"V 

1 5 I \Y m . 75°C ^ 
e { ~ =20.2, d' t f = 0.50 m ■ K / W < 

mow m : IK • •: n i -• < w 111 

00 cosh mL + (h/mk )sinh mL 1.057 +(0.0167)0.340 

Case B: From Eqs. (3.76), (3.86), (3.81), (3.83) and (3.75) 

q f = — tanh mL = 450 W / m (0.32 1) = 144 W / hi < 
w 



tff = 0.92, fi f = 19.3, R[ f - i). 52 m ■ K I W 



< 



A, 75°C 

Continued 



T(l) = Tp + = 25°C + = 96.0°C 

eush ml I 05 
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PROEM, KM 3,12] (Cont.) 

Case D(L -y oo): From Eqs. (3.80), (.186), (3.8 1), (3.83) and (3.79) 

, M 
qp = — = 450 W I m 
w 

tf f =0, F f = 60.0, R' t f = 0.167m- K/W, T(L) = T IB =25°C 
(b) The effect of h on the heat rate is shown below for the aluminum and stainless steel fins. 

Variation of qf with h fk= 180 W/rn.Kj 



1501 



< 
< 




200 400 GOO 800 
Conisction coefficient. h(W/ni*2.K) 

qfA 
qffl' 
qfD' 

Variation of qf'with h (k=1 5VWrn.Kj 



1 





400 




300 






cr 




g" 


200 






. 

i 


100 




0 




200 400 600 BOO 
Convection coefficient, hi;W*tn A 2.K) 

qfA' 
qfB' 
qfD' 



1000 



For both materials, there is little difference between the Case A and B results over the entire range of 
h. The difference (percentage) increases with decreasing h and increasing k, but even for the worst 
case condition (h = 10 W/m K, k = 1 80 W/m-K), the heat rate for Case A ( 15.7 W/m) is only slightly 
larger than that for Case B ( 14.9 W/m). For aluminum, the heat rate is significantly over-predicted by 
the infinite fin approximation over the entire range of h. For stainless steel, it is over- predicted for 



values et 



b 



for ill I three cases are with in \% for li > >()() W/m -K. 



COMMENTS: From the results of Part (a), we see there is a slight reduction in performance (smaller 
values of q f , and s { , as well as a larger value of rJ. f j associated with insulating the tip, 

Although r|f = 0 for the infinite fin, q'f and Ef are substantially largerthan results for L = 10 mm, 
indicating that performance may be significantly improved by increasing L. 
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PROBLEM 3.122 

K N ( >W N : T h i c k n e s s . I e ngt h , I herni a 1 c on d uc i i v i [ y , a n J ha se t em pera I ure 0 fa i 'cc t a n gulur tin. 1 1 1 u i J 
temperature and ennvection coetTiekflt, 

FIND: (j) Heal rate per unit width, efficiency. effectiveness, thermal resistance, and tip temperature 
far different tip conditions (b) Effect of fin length and thenna I conductivity on the heat rate 

SCHEMATIC: 

T m = 25°C 

h = 100 VWmZ-K <J CAlrJ* mtrAwm ^ 

T b = 10O°C ^ — 1 / ^_ k = 1 80 W/m-K 

t= 1 mm 

ASSUMPTIONS: ( I ) SttMidv-jfeja (2) One-dimen^ionul conduction along fin. 1.3} ( oustsnl 
properties. (4f NeLiltyihle radiation. (?) Umfunn convection coel'ficietn. (ft) ! : m width » much longer 
lhan thickness (w >> t). 

ANALYSIS; |, a) The tin heat transfei rate 1'tu Cases A. B and D are given hy Eqs. (3.72 f, (3 7fi) and 
|3.XO|. where M * {1 hunk) 1 ' 2 flfj - T^} = \ 2 * 100 W/m*" K * (i.nolm x t?0 W.-jmK.)' ' : ( 75*C) « = 
450 w w, stH (236%).''' E (200 V^tti tCASO W'mK Kft'OG 1ft) E 33.3m"'. rat. 4 33.3m"' ¥ CtOI'Ojli 
= 0.333, and jh/mft) * (100 \V/m 2 -K/33,3rrf ' * ISO W/m K) - 0,(>lo7. Inm! Table B-l, il fctbWS that 

si-nh mL * t).34<>. cosh mL * ) .0S7. and tanh mL * 0.32 1 . Franl knowledge ofqr. Eqs j 3;8u ). (3.S 1 1 
and <3.fi3.i yield 

R 

h(21 , l )^ ht^ ^ 

I'.'nse .-1: l : rom [.q. ]3.72 i. 0M). i3.Sl |. i3.X3> and i .3.70). 

e Msmhml "(It rnkWoi-hml n ?4i> ■> M.tH <S7 ■ 1 .057 ^ 
tft = ■ ' M5"W m -151W m < 

1.057 |- tM;l67 - O.MO 

..- 



w cosh m|. i ( h mk 


hmh ml 


1 5 1 \V ni 




l<m\V m 2 K(<i.rQ| 




l?|V> 11! 





, r " -itJ.I. K| r - '' J0< - ^H.SHttK W 

HtOW. m 2 K(li.i.M.ilm)75°C bl W-m 

[ (i r y . t 12 = i = <;>.6 n c 

cosh ml i(h mkJsmhniL lifm^M 
Case B From Eiqs. (3.70). (3.80). (3.8 J }, (3.83) and 1 3 . 7? > 
M 

0| - — t-.mli ml - 450 W m(0.>: I ) - 144 W m 

* 



< 



!} f S <W2. ;y - i 1 ).:. R' r _ r = D 5: m K w < 

- |*i ^ 25-X r— ~ < 

cosh ml j 057 

(. ontmued 
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PROBLEM .?,122 (font.) 

Case D(L-¥ oo): From Eqs. (3. SO), (3.86), (3.81), (3.83) and (3.79) 

qj: = — = 450 W ;■ m 
w 

tj { =0, s f = 60.0, R; f = 0.167 m-K/W, T(l) = T (J0 = 25°C 
(b) The effect of L on the heat rate is shown below for the aluminum and stainiess steel fins. 

Vferiatian of qf with L [k=1BO W/m.K) 



5 



- 

- 

- 



0.05 



< 
< 




0.01 0.02 0.03 0.04 
Fin length. L[m) 



' qfB' 
' qfD' 



Va ri alio n of qf ' with L ( k= 1 5 VWm . K j 



1 



1E0 
120 
90 
60 
30 
0 



0.02 0.03 
Fin length. Lf m j 



0.04 0.05 



-a— qfA 
-*— qfB' 
—a— qfO' 

For both m;itoi mis. J i iTorcncos between the Case A and B results diminish with increasing L and arc 
within 1% of each other at L ^ 27 mm and L =* 13 mm for the aluminum and steel, respectively. At 1 . 
= 3 mm, results differ by 14% and 13% for the aluminum and steel, respectively. The Case A and B 
results approach those of the infinite fin approximation more quickly for stainless steel due to the 
larger temperature gradients, |dT/dxj, for the smaller value of k, 

COMMENTS: From the results of Part (a), we see there is a slight reduction in performance (smaller 
values of qj-, ijf and £f, as well as a larger value of R' t f ) associated with insulating the tip. 

Although T|f = 0 for the infinite fin, q' f and ef are substantially larger than results for L = 10 mm, 
indicating that performance may be significantly improved by increasing L. 
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rROltLICM3.J23 

KNOWN; Length, thickness and temperature of straight Ufii "f rectangular, tnan 
prollle-s Ambie-nl tttl temporal Lire and convection coefllcienl. 

HPsD: Meat rale pet unit width, efficiency and vnlume of each tin. 

scni:\ivnc: 



Rectangular 

l c =L + tlB = 10.5r 




T b =100°C 



Triangular 



Parabolic 



t = 3mm k— L=15mm — »| TAIr 




Aluminum alloy 
k=185W/m-K 



ASSUMPTIONS; 1 1 ) Steady-state, 12} One-di mensionaS conductum. 1 3| Constant propeities, iA\ 
Negligible radial ion, |5| Umftirn o.mwdion eoe-l'Jicient. 

ANALYSIS: I- or each tin. 



V'-A f 
h/ktl 1 '- - i 



where -1,-depends ,,n the mMM m Mil' 1 '" £*« W-m'.K- 1 ft PK ■ ft MSJjRj** $ 4m"' 
and the product ml 1? 4m" 1 - u.!>l5m o.'ol ml . c (1.222 H xpressi ons for 8fe $f and A p are 
obtained from Table &5i 
Rectangular Fin: 

lanh ml_ c _ 0.2 I S 



q' = O.MX2(5»W<nr K)l>.033m(W> B C) = 12*0 W /m, V . tL = 4.5x II)" 5 nr < 
Triangular Fin 

ml l (] (2ml } {D.2i>l) 1.042 I 
Ll' = (J.'J7.^5^W m 2 Kjo.0.50m(M n C)=ll7.;iW m. V'=(r 2)1 = 2.25 - lir'm 2 



< 
< 



Parabolic Fin 



(i : t)ln{ 



t ■ L-C 



= OO/VQm 



|4(mL) : u|'~ + l 

Ml- -«'^(5rtW. n i 2 -K)(i.t)J!Oin(N(r(. ) = U5CW m, V = (t J)L = l.5> Id" 5 in" < 

COM MUM'S: Although die Ik;h rate is. slightly larger 1 0%) far the rectangular tin than for tlio 
triangular w parabolic fins, the heal rate per unit volume (« mass) is larger an J lai-u.es! for the 
li latigular and parabolic lins, respectively. 



PROBLEM 3.124 
KNOWN: Melting point of colder used 10 rom two long eoppei rods 
KIND; Minimum power speeded to solder the rods. 
St I J KM A I It: 

t 




June ftari 

T b =650 a C 



er 



^-Z/ h = 20W/™*-K 



ASSU MPT IONS: ( 1 > Steady-suite conditions, (2) One-dimensional conduction Along the 
rods, 0) Constant properties. (4) No internal heat generation, (5) Negligible radiation 
; with .surroundings, (6) Uniform & unci (7) Infinitely long rods. 



PR( )PKR TJKS: Tahle . I-/ Copper T £ (650 + 2<f C - <mH: k s 37V W/m ■ K. 

ANALYSIS: The junction must be maintained at o5fPC while energy is transferred 1 
conduction from the junction (along both rods). The minimum power is twice the fm 
i are for m infinitely long fin. 

H mm -A lf -2(hPk^) | ,2 ET b -T.,.). 



Substituting numerical values. 
Therefore. 



[U-^—(.T>iUnm) 1 -(11.01m) 2 

rrr ■ K in ■ k 4 



i : 



-25Y C. 



4 mm -I20.*J W. 

t OMMKNTS: Radiation losses front the rods may be significant, particularly ne. 
junction, thereby requiring it larger power input to maintain the junction at t>5Q"C. 



< 
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PROBLEM 3.125 

KNOWN: Dimensions and end temperatures of pin fins. 

KIND: (a) Heat transfer by convection from a simile fin and (b) Total heat transfer from a i 

2 

m surface with fins mounted on 4mm centers. 



SCHEMATIC: 



:r a =oX 



nOUOQX^ f^^^ 10 ^^ | y-T(L) = OX 

_ 5p -y K i "" A ~ > 

-[-„- - - - - l J ? cond„ o 

V-lmm 



■cottdj 



ASSUMPTIONS: ( I ) Steady-state. (2) One-dimensional conduction along rod, (3) Constant 
properties, {4) No internal beat generation. (5) Negligible radiation. 

PROPERTIES: Table ,4-1, Copper, pure (323 K): k * 400 W/m-K. 

ANALYSIS: (a) By applying conservation of energy to the fin, it follows that 

^conv = 1cond,i ~~ 1cond,o 

where the conduction rates may be evaluated from knowledge of the temperature distribution. 
The general solution for the temperature distribution is 

0(x)=C l e mx +C 2 e" nix &^T-T X . 

The boundary conditions are 0(0) - 0 o = 100' :: 'C and 0(L) = 0. Hence 

tf 0 =C 1 + C 2 



0 = C] 
Therefore, 

Ci =- 



.ml. 



-ml. 



Ct =C, e 



1ml. 



2ml. ' 



2ml. 



and the temperature distribution has the form 



0 ■ 



"... 



rax 



2 ml. -nix 



I e 



1ml. 



The conduction heat rate can be evaluated by Fourier's law, 

mx , 2mL-mx 



, 2ml 
I c 



m 



or, with m - (hP/kA c ) . 

g 0 (hPkA c )' 



Ici'lld 



I e 



inn 



jus _2ml.-mx 



Continued 
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PROBLEM 3.125 (Cont.) 



^..[LiPk.-v) 



2 ml. 



Hence at x = 0, 
: " I 

1cond,o ~~ 
Evaluating the fin parameters: 



I o 



-jl-e 2mL ) 



1ml. 



1/2 

— (2o ml ) 



m ■ 



hP 

kA c 



(hPkA c ) 



i : 



4h 

1/2 



4x 100 W - K 
400 W/m-K x 0.001m 



1/2 



- 3 1 .02 m~ 



■ill 2 



K \ W W 

■ — x(O.OOlm)" xiOO x400 

4 m -. K in K 



= 9.93* [0 J — 
K 



-I 



mL = 3 1 .02 m 1 x 0.025m - 0.791, 
The conduction heat rates are 

- 1 00 K |9/)3 x 10" 



c ml -2.204, 



e 2mL = 4.865 



lenndj — " 



^cond,o 



L (9.93x10" 3 w/k) 

-3.865 

-100K (9.93x10 3 W/K) 

- U 4.408 = 1.1 



xS.865-l.S07 VV 



33 W 



-3 865 

and from the conservation relation, 

q eonv -1.507 W -1.133 W - 0.3 74 VV. < 

(b) The total heat transfer rate is the heat transfer from N = 250x250 = 62,501) t ods and the 

2 

heat transfer from the remaining (bare) surface (A = 1 m - NA^.). Hence, 

<l " N Iconda + hAtf t1 - 62,500 (1.50? W) + lOOVV/m 2 - K.(o.951 m 2 ) 100K 

q - 9.42 x 1 0 4 W+0.95 x 10 4 W= 1 .037 x 1 0 5 W. 

COMMENT'S: ( 1 ) The fins, which cover only 5% of the surface area, provide for more than 
90% of the heat transfer from the surface. 

(2) The fin effectiveness, - q con j j / hA c 6> 0 , is t: = 1 92, and the fin efficiency, 
)? = (q CO nv fhir BL# 0 ), is rj =0.48. 

(3) The temperature distribution, 'M x I 1 ,. and tire conduction term, q cork ij. could have been 
obtained directly froni Eqs. 3.77and 3.7S, respectively. 

(4) Heat transfer by convection from a single fin could also have been obtained from Eq. 3.73. 
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KNOWN; Dimensions of a ntmospring. dependence of pilch upon temperature. 



FlNDs Actuation distance of the spring in response to floating ol' its end. aceurae> to which the 
actuation length can Decontrolled. 

SCHEMATIC: 




2r = 60 nm 



L,. = 425 nm 



J a = 25"C 

h= 10 B W/m ! K 



ASSUMP TIONS: ( I ] Constant properties. (2) S t end \ -slate conditions. (3) One-dimensional lie.il 
transfer, (4) Adiabatic tip, (5) Negligible radiation heat transfer, (6) Negligible impact of 
nanoseale heat transfer eHc-els. 

PROPERTIES! Table A.2. silicon carbide (300 K): k - 490 W/m-K. 
ANALYSIS: When the nanospring is at T f = 25°C, the spring length is 



L; = 



Lc 



2r. 



25 * ](r 9 m 



425 x Uy 9 m 



1(30 x 10-' m) 2 -"- ■ l0 " m) - 



= 55.9 x ur m= 55.9 nm 

Since l lie ;is c.auc vi. jilj pilch \;n ics lincni l> v. iili Lie ^eiagc :c:i::'ei al.iju. Ike a: eia^e :nick a: 
the healed spring is 



T=s, +^(T-T,) 



(I) 



The average excess temperature is 
1 L " 



0 - T - T^ j {)(\)d\ where, from V.q. 3.75. 



L ' v :: 



Continued. 
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PROBLEM 3.126 (Cont.) 



- = r coshm(L-x) ± _ % 

]. c J cosh ml mL c (cosh mL c ) 



sinh m(L c - \)|^' 



9 = - 

ml. c i.eosh tii[. c ) 

For a particular spring, 



x (0 - sinh mL c )= -^tanh (ml. c ) 
ml. e 



nil.-. 



>l/2 

111 3 



4h_ 

In 



4 ■ 1Q 6 War -K 
v 490 W/m K x 15 « W 9 m j 



vl/2 



x 425 x 1CT m=0.3]4 



— 150-25V°C 

Therefore e = — — tanh (0.3 14) - 24.2%: 

0.3 1 4 

and T = 0 + T = 242% + 25% = 492% 



From Eq. (I), 

7-25 • v.)" tn-0.1 ■ 10"' m/K ■ (49.2 -25)%. -27.4 ■ 10"' m 
Therefore. 

274 ■ M.r oi 425 * 10" 9 o 



61.1 * 10* 9 m = 61.1 urn 



2r. 



and ihe actuation length is 

AL = L 2 - Lj =61.1 rim - 55 9 rim = 5.2 rim 



< 



HThe base temperature can be controlled to uilhin I decree Celsius, the resolution of the 

1 decree C 

actuation lenath is: II- Al. ■ : 0.2 nm 

25 degree C 



< 



COMMENTS: i 1 ) I he actuation distance and its resolution are e\tremel> small. (2) Application 
ol' other lip conditions will lead to dilTerenl predictions of the aciuaiion distance. 
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I'KOBI.KM 3.127 



KNOWN: Positions of equal temperature on two long rods of the same diameter, but 
different thermal conductivity, which arc exposed to the same base temperature and ambient 
air conditions. 

KIND: Thermal conductivity of rod B, kjj. 
SCHISMATIC: 



To = WOT 




Rod A ) k A =70W/ar-K 



-*f- x 0 = 0.075n 



Rod kg 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) Rods are infinitely long fins of uniform 
cross-sectional area, (3) Uniform heat transfer coefficient, (4) Constant properties. 

ANALYSIS: The tern per attire distribution for the infinite fin has the form 

-if 2 



0 _ T(x)-T m 
Ofo T 0 - Tj, 



= e m m- 



hP 

kA,- 



For the two positions prescribed, x.\ and Xfj, it was observed that 

T A ( X A ) ~ T B ( *B ) ot ' ( x A ) " °B ( * B )■ 

Since 0|, is identical for both rods, Eq. ( 1 ) with the equality of Eq. (3) requires that 

111 A x A _ m B x B 
Substituting for m from Eq. (2) gives 
r - - ~if 2 r . _ -|l/2 



(1,2) 



i3) 



hP 



X A 



hP 



k»A 



Recognizing that h, P and A 0 are identical for each rod and rearranging, 

: 



X B 
X A 

0.075m 
0.15m 



x70 W/nfK-17.5 W/m ■ K. 



COMMKNTS: This approach has been used as a method for determining the thermal 
conductivity. It has the attractive feature of not requiring power or temperature 
measurements, assuming of course, a reference material of known thermal conductivity is 
available. 
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r ROB I. KM 3,128 



KNOWN: Dimension and length of an aluminum pin lin. Base and ambient temperatures, value 
of the convection heat transfer coefficient. 

[■'[>'[>: (a) ['in Ileal iransler rate with an udiabatie tip. (b) I in heal transfer rale when the lin lip is 
cooled belov. the ambient temperature, (e) Temperature distribution along Ihe lin fur parts (a! and 
(b) f (d) Fin heat rates for 0 < h < 1000 W/m 2 rC. 



SCHEMATIC: 



• L= 40 mm 



T„=50*C 




T, = 25*C 

h= 1000VWm s K 



(e) <JT/dx(x = L}=0 
(b) T(x = L> = 0"C 

k = 140W/m-K 
□ = 2 mm 



ASSUMPTIONS: i I ) Constant properties. (2) Steady -state conditions. (3) One -dimensional heat 
transfer. (4) Negligible radiation heat iratisler. 

ANALYSIS: 

ia: J he I l : l heal trance: talc ■j.w en h> I . . : .~ •. i , \! tank in! n I :ej e 



VI - ^/lll'kA, l) h 

- ^LOOOW/nr K x ti x 2 x KT 3 m * 140 W/m ■ K K]tx[2< ]0" 3 m ) 2 /4 x (50 - 25)°C 

- 1 J 14 W 



and 



in 



1000 W/m 2 -K x n x 2 k nr 3 m iinc 4 

- I ly .s ni 



1140 W/m 2 -K x ji >: (2 :• m) 2 /4 
Therefore, q f = 1.314 VV tanh ( 1 1 9.5 m' 1 x 40 x 10" 3 m) = 1.3 14 W 

(b) For the case where T(x = L) = 0 D L\ the fin heat transfer rate is 
{cosh ml - fi L /G^ ) 



q f = M 



si nh ml 



< 



= , 314 e^" 9 - 5 "' 1 x40MO- 3 m)- ( 0-25rC/(50-25rC = ( ^ w < 

sinh (119.5 m' 1 x 40 x l(r m) 



(c) The temperature distributions are found b> plotting fqs. .1.75 and 3.77 over the range 0 <■ x < 
40 mm. Note, that for the adiabatie tip ease, the tip temperaiure is nearh equal to the 



Continued... 
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PROBLEM 3.128 (Cont.) 



ambient temperature. I 'or the cooled lip. the temperature distribution is anti-symmetric about x - 
Vi L. For the cooled lip ease arid It - 0. the temperature distribution in the I'm would be linear. 

* :i • -V- ■ .1 i;' W. oiie-diinciisimial ^induction n: :he :in. < 



TerrceratLre Dlatrliutlan, TM 




■ Cmled Tip 

AdidMiC Tip 

Aifioenr Tenperaur-e 



(d) The fin heat rate distributions are show it below. For adiabntie tin and li - 0. t\t = 0. For the 
case of the cooled tip atid negligible convection, the fin heat rate is 

q, - kA c (T(x=L) - T h )/L = (l40 W/m 2 Ixi<(2<lir 3 m) 2 / 4] - ((() - 50V>C / 40 > Kf 1 m) 
-0.549 W. 

As the convection coefficient increases, the temperatures at x = 'A L approach T(x = V* L) = 25 n C 
for both the adiabatic and cooled tip cases, resulting in nearh the same fin heat trans ler rates. 
Equations 3 71 and 3 73 would yield the same result for the cooled tip case since heat lost by 
convection over the range 0 < x < 20 mm would be exactly offset by the heat gain by convection 
over the range 20 mm < x < 40 mm, and heat loss at x = L by conduction is equal to heat gain at x 

= 0 by conduction. 

Fin Heat Transfer Rale 




aaa em 
hr>utTi*2.K) 



Pnescnbedtip terrperature 
AHiaDatir: up 

Conduction (M =0) 
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PROBLEM 3.129 

KNOWN: Base temperature, ambient fluid conditions, and temperatures at a prescribed 
distance from the base for two long rods, with one of known thermal conductivity. 

KIND: Thermal conductivity of other rod. 

SCHEMATIC: 



1 r A -7sx 



~7 



T.--IOO' 











i 


T„ =ZS'C 






i 



- Aluminum t k A = ZOQW/m-K 
(Test materiel) 



ASSUMPTIONS: ( 1 ) Steady-state, (2) Otic-dimensional conduction along rods, (3) 
Constant properties. (4) Negligible radiation, (5) Negligible contact resistance at base, (6) 
Infinitely long rods. (7) Rods are identical except for their thermal conductivity. 

ANALYSIS: With the assumption of infinitely long rods, the temperature distribution is 

9 T-T^ 



^ T b -T. 



- o 



-inx 



or 



In 



■ — — nix 



■ P 

kA 



Hence, for the two rods. 



In 


~T A 








i : 




T b 


-T« 




"Ml" 


In 


Tr 


-T m 




k A 




Tb 


"Too. 









111 



.1/2 _ ,1/2 
K B ~ K A " 



In 





-T K " 


Tb 


-T M 


Tr 


-T,o 




"Too. 



In 



75-25 



(2! Id) 



I - Kin 25 



In 



60-25 
100-25 



7 524 



■B 



56.6 W n K . 



COMMENTS: Providing conditions for the two rods may be maintained nearly identical, 
the above method provides a convenient means of measuring the thermal conductivity of 
solids. 
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PROBLEM J. 1 30 

KNOWN; Arranjiijmfiit &t Bfls between parallel plates. Tempeiature and convection coefficient ot 
air How tn finned passages. Maximum allowable plate temperatures. 

N L>: | a ) Expressions relating fin heal transfer rales lu end temperatures, ( b | Maximum power 
.dissipation for each plate 

SCHEMATIC : 



Pisie dimensions: 
D=100mm k W*ZOO mm 

X f-Inrrn; Nf=50 



4- 



.7fTfTf 



5 Tk=30OK, 



ASSUMPTIONS: ( t > Steady-state conditions. Vl \ One-dimensional conduction in fins, (J) Constant 

propci"! lcs. i4t Negligible radiation, 1 5 1 Uniform h. {0j Negligible variation in T,. f>) Negligible 
contact resistance. 

PROPERTIES: ZW'/i* iJ, Akinuinim (pure), 3 7 s K: k" 240 W-'nvK. 
ANALYSIS: |a)The general solution for the temper.it Lire distribution in A fin k 

//(x).T(x)-T, : --C|c mx K c- ' N 
Boundary conditions: 0 { 0) = - T, , -'IV. & ( L ) = ^ - % ~ % ■ 



Hence 



"o=q+e 



tl r - ml_ ^ r -ml. 



-ml 



-ml. 



e'" -if 



Hence 



e rctL e -mL 



c ml _^-ml 
fy o sinh m ( L-x ) -t- ^ ,sinh mx 



si nb mL 



The fin heat transfer rate is then 
JT 

qr - -kA t — - -kDl 
dx 



1 lence 



_ kDl i V 1 mm 1 

l.tanhml sinhm! \ 

m : m I 

I si nil ml tanh ml ) 



mL 

ft in 



HUH rVi ttl , 

^ cosh m(L-x + L cosh mx 

fciftfi ml sm h mL 



< 
< 



Continued 
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I I v. 



k.\, 



PkOllLKM 3.130 (Cont.) 

150 W/m 2 -K (2x0.1 m+2x 0.001 m) 
240 WViiv Kxd.l mx (1.01)1 m 



\\I2 



35 5 in" 



mL = 35.5 m~ 1 x0.012m = 0.43 

smh niL = 0.439 tanh rnL = 0.401 



9 0 = 100 K 0 L =5OK 



q fo - 240 W/m-KxO.l m < 0.0(1] m 
q f(0 - 115.4 W 



[00 K o5.5 m~ l 50 Kx 35.5 m 



0.401 



0.43 L ) 



(from the top plate} 
q j- L - 240 W/m ■ K x 0. 1 mx 0.00 1 m 



L00Kx35.5 m" 1 50 KxSS.Sm" 1 ' 



0.401 



0.439 

qf 3 L =87.8 W. (into the bottom plate) 

Maximum power dissipations are therefore 
qo. mfl x-Nfqr. 0 -(W-N r t)Dh(V 0 

qo,max - 50x1 1 5.4 W+ (0.200- 50x 0.00 1) m xO.l m x 1 50 W/m 2 ■ K x 100 K 
q l1imax - 5770 W+225 W- 5^5 W < 

q [ ..max - ' «7.^VV + (0.2011 - 50 x 0.00 1 )m x 0. 1 m x 1 50 W/m 2 -KxSOK 

qi.jnax "-4390 W+112W =-427^ W. < 

COMMENTS: { I i li is iiuorosi lo Jotormino tho air velocity ik\\I<xI i" prevent oxcossivo heating of the air as 
it passes between the plates. If the air temperature change is restricted to AT^ = 5 K, its flowrate must be 

q tot 171? W 



m air ■ 



c p AT m 1007 J/kg - K.x5 K 
Its mean velocity is then 



- 0.34 kg/s. 



V - 



an 



ii 34 kg 



1 63 nvs. 



Pmr A c l.Ui kg/nr x 0.0 12 m (0.2 - 50x0.001 )m 

S LLch a velocity would be impossible to maintain. To reduce it to a reasonable value, e.g. 1(1 

m/s, ,\. would have to be increased substantially by increasing W (and hence the space 
between fins) and by increasing L. The present configuration is unpractical from the 
standpoint that 1717 W could not be transferred to air in such a small volume. 

(2) A negative value of q[ Jn;lx implies that the bottom plate must be cooled externally to 
maintain the plate at 350 K. 
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PROBLEM 3.131 

KNOWN: Conditions associated w ith an array of straight rectangular fins. 

]•'] N D : Thermal resistance of the array. 

SCHEMATIC: 

/. 

W 2 = 1 m 



*r=200VWmK 



ft=1S0VWm 2 K LZ 




L = 0.006 m 



LM) = 1 m 



ASMiMP'l IONS: ( 1 1 Constant properties, (2) Uniform convection coefficient, (3) Symmetry about 
in id plane. 

ANALYSIS: (a) Considering a one-half section of the array, the corresponding resistance is 

R t,o =('7o hA tr 1 

where A t = NAf + Afc . With S = 4 mm and t = I mm, it follows that N = W,/S = 250, A f 

2(L/2)W 2 = 0.008 m J , A b = W 2 (W! - Nt) = 0.75 m 2 , and A, = 2.75 m 2 . 
The overall surface efficiency is 
NA f 



where the fin efficiency is 

ta.nhm(L/2 ) 
ijf — , , . — and 



m 



(L/2 



m = 



— 



1/2 



h ( 2t i 2W 2 ) 
ktWS 



I 2 



*2hV /2 



kt 



= 38.7m 



I 



With m(L/2) = 0.1 5 5, it follows that tff = 0.992 and tj 0 =0.994. Hence 



*t,o=(<>-9 



94xl50W/m-Kx 2.75 m 



2.44x10 - K/W 



(b) The requirements that t > 0.5 m and (S - 1) > 2 mm are based on manufacturing and flow passage 
restriction constraints. Repeating the foregoing calculations for representative values of I and (S - 1), 
we obtain 



S (mm) 


N 


1 (mm) 


(KAY) 


2.5 


400 


0.5 


0.00169 


3 


333 


0.5 


0.00 [93 


3 


333 


I 


0 00202 


4 


250 


0.5 


0.00234 


4 


250 


2 


0.00268 


5 


200 


0.5 


0.00269 


5 


200 




O.H0334 



COMMENTS: Clearly, the thermal performance of the tin array improves (R ti0 decreases) with 
increasing N. Because r\j = I for the entire range of conditions, there is a slight degradation in 
performance (R t>0 increases) with increasing t and fixed N. The reduced performance is associated 
with the reduction in surface area of the exposed base. Note that the overall thermal resistance for the 

entire fin array (top and bottom) is R t)0 /2 = 1 .22 x 10 K/W. 
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FRO BLUM 3.132 

KNOWN: Dimensions mid maximum .illowabk- temperature of an electronic chip, Thermal contact 
resistance between chip and heat >ink. Dimensions and thermal conductivity uf heal sink. 
Temperat tire and convection coefficient associate v. itli air flow through the heat sfiffc 

Fl N I): (3 1 Maximum allowable chip power for heat sink with prescribed number (.if tins, Sin 
ihtfi4a«Es, and fin pitch, attd{bl I- fleet of fin thickness <n umber and convection coefficient on 
performance 

|*- W = 20mm 



SCHEMATIC 




k=1B0W/m-K 



K— S = 1.8 mm 



ASSUMPTIONS: ( I i Steady- state, <:?> One-i1iinens>iima| heal tiansfer, (3 > Isothermal chip, |4| 
Negligible treat transfer from top surface of chip, (?) Negligible temperature rise for air flow, ("i 
Uniform convection coefficient associated with air How through channels and over outer surfaces of 
heat smk. (7) Negligible radiation 



T,-T v , 



v. 



R tot R i.c " R idi " R t.O 
■^ttl. f = ^U- W 2 =2 lir 6 m 2 K W (imiW = ii.(Ji)> K Wand R Lh = L b k(w 2 ) 
DsflG&n j 1 SO w / m K(o.u2m ) 2 - QM1 k W. tram f.qs. ( 3. 103 '). (3, J 02 1. and 1 3. L >'>! 

1 , -i N -v. 



R[j, 



uhere-Af =2WLf = 2 * 0 i>2m * <>ol5rri-=G * 10 m"and W 2 - N(tW) = i0.02mf - tl[(.>.]J<2 * 
lo" J m x f.i,02m) 3 0 ■ lo" 4 nf Wuh mt.f (2h<kl) L.f = (2&fi VV irf K isu W/m-K * (Ux2 ■ 10* 
J ni) l '' 2 |" ttfS*#= U7..tanti3nL'f = and t:q. (3 S7) yields 

Willi mLf 

* -^LT^-TaT"" 04 

it fol lows {fiat At « I tr m, p|b = fifct 1 1 >- E^e = K'W, and 

(S5-20) :: C 



-33.* W 



((I.H05 -<i.u42-2.iM))K/ W 

IhtjThe following results arc obtained from parametric calculations performed to explore the effect of 
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PROBLEM (Cut.) 



N 


t(mm) 


ilf 


RL.oiK.AV) 


qc(W) 


Atfm 2 ) 


6 


I. S3; 


0.957 


2.76 


23.2 


0.0037* 


7 


1314 


0.941 


2.40 


26.6 


0.00442 


8 


. • ■■■ 


0.9 1 9 


2. [5 


29.7 


0.00505 


9 


0.622 


0.885 


1.97 


32 : 


0.00569 


10 


0380 


0.826 


1,89 


33.5 


0.00632 


1 1 


0.182 


0 704 


: 00 


31.8 


0.0069h 



Although i]f (and r| 0 ) increases with decreasing N (increasing t), there is a reduction it: A t which yields 
a minimum in R [01 and hence a maximum value of q c , forN = 10. ForN= 1 1, the effect of h on the 
performance of the heat sink is shown below. 

Heat rate as a function of convection coefficient (N=1 1 ) 
150 -i 1 1 , 1 1 1 , 1 1 



L 

01 

I 



100 



50 



o H 1 1 1 1 1 1 1 1 — 

100 200 300 400 500 600 700 800 900 1000 
Convection coefficient, h(W/m2.K) 

2 

With increasing h from 100 to 1000 W/m K, R t>0 decreases from 2.00 to 0.47 K/W, despite a decrease 
in T|f (and r\ a ) from 0.704 (0.719) to 0.269 (0.309). The corresponding increase in q c is significant. 

COMMENTS: The heat sink significantly increases the allowable heat dissipation. If it were not 
used and heat was simply transferred by convection from the surface of the chip with h 100 

W/m 2 -K., R tot = 2.05 K/W from Part (a) would be replaced by R env = 1/hW 2 = 25 K/W, yielding q c = 
2.60 W. 
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PROBLEM 3.133 

KNOWN: Dimensions ol'doetronios package and llnned nano-hcat sink. Temperature and heat 
transfer coefileienl ofeoolaiu. 

FIN [): Maximum heal rate to maintain temperature belou 85 a C for Tinned and un-llnned packages. 
SCHEMATIC: 1 



T, = B5-C 



n,T, 



h= 1x10 s W/m 3 'K, 
T, = 20°C 



Unfinned 



D = 15 [ 




T 



L = 300 nm 



i-i - 



Nano-finned 



d = 100 nm 



ASSUMPTION'S: 1 1) Siead\ -state. (2) Negligible temperature variation across tin thickness. (3) 
Constant properties. (4) L'nitbrni heat transfer coefficient. (5) Negligible eontael resistance. (6) 
Negligible heal loss from edges of package. 



PROPERTIES: Tabic A.2. Silicon carbide (T a 300 K): k - 490 W/m K. 
ANALYSIS; (a) The thermal circuit for ihc un-linncd package is 



T.O- 



A- 



q/2 



q/2 



-O T„ 



where R c1 ^ d 



1 00 * tn 



kA 490 w/m ■ K ■ (K) It)" 6 m) 2 



-2.04 K/W 



R„ 



hA 10 5 w/m 2 ■ K k (10 x I0" 6 m) 2 



= ] =< IC 5 K/W 



Thus q - 2- 



n L - Tn ) 

r «hh1 + r «hw (2.04+ 10- JK./W 



„ ( S 5°C-20°C) =L3()xl0 , w 



< 



Continued. 
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PROBLKM 3.133 (Cont.) 



l'orthe filmed nano-heat sink, the convection resistance is replaced by a tin arrav 1 henna I resistanee: 



T_0- 



R 



R 



■card 



q y2 



q/2 



A- 



-O T«. 



Emm liquations 3.1 03. 3. 102. and 3.99 



I NA f 

— . 110 = 1-— X (l-ilf>. A, = NAj- + A b 



" n>V a : 



where A r =tiDL c = tiD(L + D/4) = it * 15 * 10" 9 m * (300 + 15/4) x 10" 9 m = 1.43 * 10 - ' 4 m 2 , 

A„ = W 2 -NttD 2 /4 = (10 * 10 -6 m) 2 -40,000 s^(15x 10" 9 m) 2 /4 = 9.29 * IO -M irr. and 

A, =40,000 ■"■ 1.43 * 10" 14 m 2 +9.29 »■ 10" n m 2 =6.65 * I0' 10 m 2 . Then with 

mL c = (4h/kD) l/2 L c = {4«10 ! W/m a K / 490 W/m-K * 15 * I0" 9 m")" 2 * 304 x I0" 9 m = 7.09 x IO" 3 , 

= tanh(mL c ) = tanh(709 * 1Q' 2 ) =[) ^ 
tiil. c 7.09 ■ 10" 2 

U follows that 



40.000 >. 1.43 ^ m ' (] _ Q Wg) = Q9w 

and 

= ESOxlQ 4 IC7W 



O.W ■ JO 5 tt'/m 1 ■ K ■ 0.65 ■ Hf 10 m : 
Therefore 

+ R w 2.04 K/W + 1 .50 x 1 0 4 K/W 



COMMENTS: i I ) The conduction resistance of the silicon carbide sheets is negligible. (2) The fins 
increase the allowable heat rate significantly. (3) We have neglected the contact resistance between the 
electronics and the silicon carbide sheets. If ii dominates, the tins will not be elleetivc in increasing 
the allowable heal rate. Little is known about contact resistanee at the nanoscale. 
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PROIiLKM 3.134 

KNOWN: Geometry and cooling arrangement for a chip- circuit board arrangement. 
Maximum chip temperature-. 

KIND: (a) Equivalent ihermat circuit, (b) Maximum chip heat rate. 
SCNKMANC: 



AM* 

ASSUMPTIONS: ( 1 1 Steady-state conditions (2) One-dimensional heat transfer in chip- 
board assciiibl) . (3) Negligible pin-chip contact resistance, (4) C onstant | 
Negligible chip thermal resistance, ('>) LlnifDirn chip temperature. 



Wfflifflmm Table A. I Copper {31 Ml K): k fc 400 W/ m -K. 
•\NAI.\MS: (a) The thermal circuit is 




cosh mL+( ti v . mk)smhmL 



LCi(h t ,PkA cJ - I'^hinhmL+fh,., 'ink) cosh mL | 



(b) The ma si muni chip heat rale is 

6 ic - i3% +<%^j ; 

Evaluate these parameters 



m 



[ h ° p 1 


1 2 


4h L , 


1 2 


4-KKIO W/m 2 -K 






P 




4(MlW/m -K ■ 0.0(115 m 



-J ■ 2 



- HI .7 nr 



mL^(*l.7m" l x(U»l5m)- 111 sinhmL- 1.57. coshmL-l.* 
(li n /nik) = ; 0 ( 



fil.7 tip a 40(1 W/m-K 




I - 2 

Fvl — |~ 1 000 W/m 2 ■ K j/r 2 4)( 0.00 1 5 m ) ' 400 W/m ■ K I' " (55"c) - 



■3.17 W. 
Continued 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of 'the 1976 
United States Copyright Act without 0ie permission of the copyright owner is unlawfuL 



PKOBLKM 3.134 (Cont.) 

The fin licit rate is 

sitih mL+ 1 h Jmk ) cosh mL 1 .57+0.0306 x 1 . 86 

Of - M — - i —3.17 W 

cosh mL+(h 0 /mk)sinb mL i .86+0.0306 x ] .57 

q r -2.7(i; W. 

The beat t Lite from the chip top by convection is 

q h -h 0 A h r; h -1000 W: in 2 - K 



- '' (0.0127 m) 2 -(l6W4)(0.0015 m) 2 



55 ( ' 



q h -7.32 W. 
The convection heat rate from the board is 

T c - Tooi (0.0127 m) 2 (55x) 

' ( 1/ \ + R u- + L h /k b)( 1/ A-) jl/40+10" 4 +0.005/ l)m 2 ■ K/W 

qi -0.29 W. 
Hence, the maximum chip heat rate is 

q c -| 16(2.703) + 7.32 + 03) |W -[43.25 - 7.32 -03)] W 

q c -50»W. < 

COMMENTS: (1) The fins are extremely effective in enhancing heat transfer from the chip 
(assuming negligible contact resistance). Their effectiveness is i: - q t - / 1~ Dp /4jh L /^, - 2.703 

W/0.0 1 )7 W = 27.8 

(2) Without the fins. q c = 1000 W/m 2 -K(0.O127 m) 2 55 :> C + 0.29 W = 9.16 W. Hence the fins 
provide for a (SO. 1 -) W+). 16 W) x 100% = 555% enhancement of heat transfer. 

(3) With the fins, the chip heat flux is 50.9 W/(0.0127 m) 2 or q £ - 3.l6x 10 5 W/m 2 - 31.6 
W/cm 2 . 

(4} If the infinite fin approximation is made. qr = M = 3.17 W, and the actual fin heat transfer 
is overestimated by 1 7%. 
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PROIiLKM 3.135 



KM)\VN": Geometn. of pd n fin arra_\ usctl as heat sink (or & computer chi|>. Arra> collection and chip 
substrate conditions. 

MM): I! fleet of pin diameter, spacing and length on maximum allowable chip power dissipation. 



SCHEMATIC: 

Physical System: 



ftp = 250 W/m 2 K 



A b = A c -PM cb T 
L b = 0.005 



= 1 W/m K 



, Copper (fr = 400 W/m K) 



Pins (N), O p , L p 

r 7 C = 75 °C,(7 C) A C = (0.0127 
fi"( iC =1<r*m :i rC/W 



^-MOW/m^K 



Thermal Circuit: 




9/ 1/ft^ L A /V» C "W 



ASSIMP HONS: i l ) Sleadv -stale conditions. (2) One-dimensional heal transfer in chip-board 
as-ci:ibl>. i \ealiiiil>x pic-cf ip conuic: ic-.iv.uxc. i4: (.'oiislsiiil pmrvilic>. <5) Negligible c:up tkcjnuu 
resistance. (6) Uniform chip tcmperalnrc. 

ANALYSIS: The total power dissipation is q c = qj + q t , where 



T -T 



(l/h 1+ R^+L b /k b )/A c 



and 





C 'cO,Q 



K 



t.o 



The resistance of the pin arra> is 



R t.o = (?o h o A t) 



wacic 



NAc 



(i m) 



A t = NAf iA b 

•M vl),:. .v!),.(l ; , ■ D p /4) 

Subject to the constraint that X ''"I > p i 'J mm. the foregoing expressions ma> Ik: used to conipnte q, as a 
function of D p for L p = 1 5 mm and values of N = 16, 25 and 36 Using the IHT Performance 

Calculation, Extended Surface Model for the Pin Fin Array, we obtain 

( out i lined.. 
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PROBLEM 3.135 (Ctmt.) 




Pin (jiairefter, Dp(mm) 



- N - 35 

■ N -25 

■ \ '5 



Clearly, it in desirable lo maximize then amber of pins and the pin diameter, so 1 mi Lias flow passages are 
nut constricted to the point of requiring an excessive pressure drop to maintain the prescribed convection 
coefficient. The maximum Ileal rate for the fin array (q t =33.1 W) corresponds to N = 36 and D p - 1.5 

mm. further improvement could be obtained b> using N - 49 pins of diameter D p - 1.286 mm. which 

yield q, -37.7 W. 

Exploring the effect of Lp for N = 36 and D p = 1.5 mm, we obtain 




Pin lengLh. Lp(frim) 
■ N - 35. Dp. - 1 .5 mm 



N - 36. Dp. -1.5mm 

Clearly, there are benefits to increasing Lp . although the effect diminishes due to an attendant reduction 
in rjf (from iff = 0 887 for Lp = 15 mm to tjf = 0.471 for l_ p = 50 mm). Although a heat dissipation 
rate of q t = 56.7 W is obtained for Lp = 50 mm, package volume constraints could preclude such a 
la:gc fill xiigdi 

COMMUNIS: By increasing N, Dp and/or Lp r the total surface area of the array. A, . is increased, 
thereby reducing the array thermal resistance. R, 0 . The effects of Dp and K are shown tor Lp = 15 











































































































1* 

























1.5 

Pni di^ufifrt^i Dti.h"rtX' 



N = 16 

• N = 25 

• N =36 
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PROBLEM 3.136 

KNOWN: Copper heat sink dimensions and convection conditions. 

FIND: (a) Maximum allowable heat dissipation for a prescribed chip temperature and interfacial 
chip/heat-sink contact resistance, (b) Effect of Fin length and width on heat dissipation. 



so i kma no 



W c = 16 mm 



cand,b 



-H h*-w 


□ 


□ 


□ 


□ 


□ 


□ 


□ 


□ 


□ 


□ 


□ 


□ 



Square fins (AQ 



□ 
□ 



25 °C o 
h= 1500 W/m^K 



Copper 
heat sink 
(*=40OW/mK) 





1 



i.^ = 3mm 



ChipfJ c = 85 °C) 

ASSUMP'l 'ION'S: ( I ) Steady-stale conditions, (2) One-dimensional boat transfer in chip-beat sink 
assembly, (3) Constant k, (4) Negligible chip thermal resistance, (5) Negligible heat transfer from back 
of chip. [<■') t J ii i lV ■ i in chip tempo nature. 

ANALYSIS: (a) f or the prescribed system, the chip power dissipation may be expressed as 

1c 



T c -T w 



who re li 



li 



R t, C + R C cnd.b 1 R l.o 

W 2 (0.016m) 2 
I i •'.■ ii.,;, rn 



0.0195K/W 



I v., '-ii vx/ i k; - i imi 

The thermal resistance of the fin array is 
R t , 0 =(j? 0 hA t )~ l 

where j; 0 = 1 -^(l-jj f ) 

and A, = NA f + A b = N (4wl. c )+(w 2 - Nw 2 j 



— ii ii : I,/ " 



Continued... 
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PROBLKM 3.Hf> (Cont.) 

With w = 0.25 mm, S = 0.50 mm, Lf =6 mm, N = 1024, and L c as Lf + w/4= 6.063 x 10"" 1 m. it 
follows that Af =6.06x1 0 _(l m 2 and A t =6.40x10 3 m 2 . The fin efficiency is 



■'If ■ 



tanh niL.. 



mL.. 



where m = (hP/kA c J 1 2 = (4h/kw)' ' z 245 m" 1 and mL c = 1.49. [1 Follows that tjf = Q.60Sand 
// 0 = 0.619, in wh ich case 

R Lo -[(1.61^x1 500 w/m 2 - Kx6.40xl() m 2 j - 0.168 K/W 
and the maximum allowable heat dissipation js 
(85-2S)°C 



4c 



(0.0 195 + 0.0293 + 0.1 68 ) K/ W 



■- 276W 



lli) The ][[']' PerformaiKi.' Cakvhtion, LxieiHi'i'il Sarfinv Model Fur I he- /-7yi .-tmir has heen used 
to determine q c as a function of Lf for four different cases, each of which is characterized by the 
closest allowable fin spacing of (S - w) = 0.25 mm. 



{ ase 


w ( mm ) 


S iirani 


N 


A 


ii 25 


n 50 


1024 


B 


0.35 


0.60 


71 1 


C 


ii 45 


0.70 


522 


D 


0.55 


ii NO 


400 




■Ti- 
er 

a 
1 

jz 
E 

3 

E 

'a 



Fin l9ngttn. Lfirnrnj 

— •— w= 0.25 mm, S = 0.50 mm. N =1024 
— 9— w= 0.35 mm, £ = 0.60 mm, N = 711 
— *— nr= 0.45 mm. S = 0.70 mm. N = 522 
— *— w = 0.55 mm, £ = 0.80 mm. N = 400 

With increasing w and hence decreasing N, there is a reduction in the total area A, associated with 
heat transfer from the fin array. However, for Cases A through C, the reduction in A j is more than 
balanced by an increase in t)f (and rj 0 ), causing a reduction in and he net? an increase in q c . 
As the fin efficiency approaches its limiting value of r)f = 1, reductions in Af due to increasing w 
are no longer balanced by increases in t}f , and q c begins to decrease. Hence there is an optimum 
value of w, which depends on Lf . For the conditions of this problem, Lf = 10 mm and w = 0.55 
mm provide the largest heat dissipation. 
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Problem 3.137 



KNOWN: Two tinned heat sinks. Designs A and B. prescribed by the number of fins in the arras . X. 
11 n dimensions oi" square emss-seetion. v\. and length. I., with different convection coefficients, h 

FIND: Determine which tin arrangement is superior. Calculate the heat rate. q r . efficiency, i] r . and 
effectiveness, r, f , of a single fin, as well as. the total heat rate, q,, and overall efficiency, r\^ of the 
array . Also, compare the total heat rates per unit volume. 



SCHEMATIC : 



53 mm 



57 mm 




Th = 75 °C 

54 pins, 9x6 array (Design A) ° 



I >c>:.»u 

A 
li 



[■in dimensions 
Cross section If 
\v x w (mm) i. (mm) 

3 \ 3 30 
Ixl 7 



Number of 
l":i> 
6 \ 9 
14x 17 



Convection 
coefficient 

(W/m 2 K) 
125 
."575 



ASSI MPTIONS: ( I ) Steady -state conditions. (2) One-dimensional conduction in fins. (3) 
Convection coefficient is uniform over Hit and prime surfaces. (4) I- in lips experience com eel ion. and 
(5) Constant properties. 

ANALYSIS: follow hi ti the treatment of Section 3.6.5. the overall efficiency of die array. Eq. (3.98). 
is 



■7,1 



41 



tlmax ^Vb 



(1) 



where A, is the total surface area, the sum of the exposed portion of the base (prime area) phis die fin 
surfaces, Eq. 3.99, 

A, - N-A r +A b 



where the surface area of a single fin and the prime area are 

A|- - ( : . w 1 v» ' % 

A b = blxb2-N-A c 

Combining Eqs. ( I ) and (2). the total heat rate for the array is 
l| ( - N/7 f hA f ^ + hA b fl b 

where r|r is the efficiency of a simile fin. from Table 4.3. Case A. for the tip condition with 
convection, the single fin efficiency based upon Eq. 3.86. 



(2) 

(3) 
(4) 



:o, 



Continued.. 
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NlOULl'M 3.137 (Con I.) 

where 

sinh(mL) + (li/mk)t;osh( ml.) 

t lt _M " , / , :7 ' 

co sh( m L ) - ( h/ m k ) s i 11 h( m L ) 

M - ( hPkA c )' ''' 2 V b m - ( h P/kA c ) 1 ' 2 P - 4 w A c - w 2 (8.9.10) 

The single fin effectiveness, from Eq. 3 .81. 

t:\- ~ —Hi— (ID 
hA<A 

Additionally, wc want to compare the performance of the designs with respect to the array volume, 

qf = qt /V = q t /(bl*b2.L) (12) 

The above anal> sis was organized lor eas> treatment w itli equation-sol* ins software. So\\ ing Eqs. ( 1 ) 
through (II) simultaneous!) with appropriate numerical values, the results are tabulated below. 



Design 


-■A 


4r 


no 


'lr 




Bt 






(W) 


(W) 










(W/m ] ) 


A 


113 


1.80 


ii.u:i4 


0.779 




31.9 


l.25xlO fi 


H 


lf>? 


0.475 


0.909 


0.873 




25.3 


7.81x[O fi 


CO VI VI EM'S: 


( 1 ) Doth desians 


lav e aood ell 




ind effective-lies 


;. Ck 


ai \ \ . '. >CMai 


i D is 



superior because the heal rate is neai'K 50% larger than Design A for the same board looiprim. 
Further, the space rcqtiircmcnt for Design B is four times less (V = 2. I2x 10" s vs. 9.06x 10" 5 m J ) and the 
heat rate per unit volume is 6 times greater 

(2) Design A features 54 fins compared to 23S tins for Design B. Also ver> significant to the 
performance comparison is the magnitude of the convection coefficient which is 3 limes larger for 
Design D. Estimating eonveetion coefficients for fin arrav s (and tube banks) is discussed in Chapter 
7.6. Of concern is how the upstream fins alter the How past the downstream fins and whether the 
convection coefficient is uniform over the arraj . 

(3) The IHT Extended Surfaces Model, for a Rectangular Pin Fm Array could have been used to solve 
[his piokuin. 
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I'ROBLKM 3.138 

KNOWN: Dimensions iil'a tin nrra> and dust la\er. Aluminum and dust thermal conductivities. 
Base temperature. Air lemperalure and heat transfer coefficient. 

FIND: Allowable Ileal rale for dust la> er thickness in the range of 0 <l.a <-5 mm. 
SCHEMATIC: 




Rn 

k,= 175W/mK — 

Dust — 
k d = 0.032 W/mK 



L = 7 mm 



0 £ L d S 5 mm - 



1 mm x 1 mm 
cross section 




T h = 75»C 



ASSUMPTIONS: i I ) Steadv -state. (2) Negligible temperature variation across tin thickness. (3) 
Constant properties, (4) Uniform heat transfer coefficient including o\cj fin tips. 

ANALYSIS: There arc two heat transfer paths, one through the dust and into the air, and the other 
through the fin. The thermal circuit is 



T..O 'V □ 



T„0 \> O \r- 



3- 



The thermal resistances are given b> 
I , l , 

R, 



d -™ d " k~\j~ " k d (A p - KA t ) 
where Ap-53 x Ur 3 m - 57 x KF m- 3.02 xicr'm 1 . N — 14 < 17-238 and A.-u 3 - lO^m 1 



where from [iq nation 3.83 



qr 



» lie:c i| r i-. h:\ci: :i\ f ipinoou 3 72. 



ci)sh(nil. f ) + (h / mkj-) sinh(ml. r i 
V41n\ 3 k (sinhOiil f ) - (h / mk f ) cosh(mL f )) 

Conlinued. 
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I* ROB I, KM 3.138 (font.) 

Mere, m - (4h / k f w) lfl = (4 x 375 W/m 2 -K / 1 75 W/in- K x 1 0" 3 m) m = 92,6 m" 



and [. f - ]. - l. d . 
l-'inalU . 



q - q*,5i + qftn 



Performing the calculation lor a dusi layer thickness off a - 5 mm > ields 
Kd.™d-56.l K/W 
R mnv = 0.958 K/W 
R fool- = 0 120 K/W 
R,. f - j()1 K/W. R nns - 1.26 K/W 

75°C -25°C •= ( 25 ( 



(56.1- 0.95K) K/W 0. 1 20 + 1 .26 



= 0.876 W + 36.1 W =37.0 W 



The figure shows the variation of the allowable lieai rale as the dust layer thickness varies. 




0.002 0.003 0.004 

Gust layer thictaies^ Ld (m) 



COM MK NTS: The figure below shows the two eontrihations to the heal rate. q^ lsl and q nn . The heal 
transfer through the dust la>cr decreases rapidh as the dusi layer thickness increases and insalaies the 
surface. The 1m heat trausl'ei also decreases with increasing dusl layer thickness as more of the fin 
-■ailacc is Jivik:.:cd In Ike dusi t. 'oiHilUied... 
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PROBLKM 3.138 (Cont.) 
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PROBLEM 3.139 

KNOWN : Long rod with internal volumetric generation covered by an electrically insulating sleeve and 
supported with a ribbed spider. 

FIND: Combination of convection coefficient, spider design, and sleeve thermal conducts ity which 
enhances * ol timet rie heating subject to a maximum center! ine temperature »f UK) t ' 

SCHEMATIC: 




q' R\ 



sleeve 



R\ 



hub 



R', 



ASSUMPTIONS: 1 1 ) Sieady-state conditions, (2) One-dimensional radial heat transfer in rod, sleeve 
and hub, (3) Negligible interfacial contact resistances, (4) Constant properties, (5) Adiabatic outer 
surface. 

ANALY SIS: The svstem heat rate per unit length may he expressed ;is 



4 1 



w here 



[< 



slee\ e 



R sleeve +R i 
n(ilAo) 



+ r; 



2,Tk s 



hub ■M.o 
n ( n/n, ) 



huh 



2 -k, 



3.168x10 4 m-K/W, R.{ 0 



>hM\ 



1 -^^(1 - iff ) , A 'f - 2 { n - ri ) . A' t - NA'f + ( 2ms - Nt ) , 



A, 

tanh mif, r 2 ) 1/2 
. -L, m-(2h/k r t) 

The rod centerline temperature is related to Ti through 
0 V ' 1 4k 

< aleukilions may he expedited by using the II I [' Pi'tiormtouv (. ak ututhm, Exsciukti stufatv \fmfc! I ■ ■ i" 
the Straight Fin Array. For base case conditions of k s = 0.5 W/m-K, h = 20 W7m 2 -K, t = 4 mm and N 
12, Rgleeve =0.0580 m K/W, R f t>0 =0.082(5 m-K/W, T) f = 0.990, q' - 387 W/m, and q = 1.23 x 10 6 

W/m 3 . As shown below, q may be increased by increasing h, where h = 250 W/m 2 'K. represents a 
reasonable upper limit for airflow. However, a more than 10-fold increase in h yields only a 63% 
increase in q 



Continued... 
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PROBLEM .V 139 (Con t) 




50 100 150 2M 250 
CnnYecticn ozeHicienl, ^W/m A 2.K) 
t -i mm, N - 12, ka - 0.5 Wm.K 

The difficulty is that, by significantly increasing h, the thermal resistance of the fin array is reduced to 
0.00727 nvK/'W, rendering [ho sleeve the dominant contributor to the total resistance. 

Similar results are obtained when N and t are varied. For values oft = 2, 3 and 4 mm, variations of N in 
the respective ranges 12 < N < 26, 12 <N < 21 and 12 < N < 17 were considered. The upper limit on N 
was fixed by requiring that (S - 1) > 2 mm to avoid an excessive resistance to airflow between the ribs. As 
shown below, the effect of increasing N is small, and there is little difference between results for the three 
values oft. 

I 




18 20 
Numberof ribo , N 

• t = 2 mm. N: 12 - 26. h = 250 Wm'a.K 
■ t = 3 mm, W: 12 - 21, h = 250 Wfm"2.K 

• I = i mm. N: 12 -1 7. h = 250 TOm'2.K 



In contrast, significant improvement is associated with changing the sleeve material, and it is only 
necessary to have k s =j 25 W/m-K (e.g. a boron sleeve) to approach an upper limit to the influence of k,, 



0 20 40 00 80 100 

Sleeve oorvJucUvily. ks(W, r m .K) 
t = 4mn,N= 12, h =ZfflWm*2.K 

For h = 250 W/m 2 -K and k„ = 25 W/nvK, only a slight improvement is obtained by increasing N. Hence, 
the recommended conditions are: 

h = 250 w/ m 2 ■ K , k s = 25 W/m ■ K, N = 12, t = 4mm < 
COMMENTS: The upper limit to q is reached as the total thermal resistance approaches zero, in which 



■ 1 1 > V, . ! loncc q max - 4k ( T 0 - T,„ )/ r<? - 4.5x11 w/ m 3 
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PROULLM 3.140 

KNOWN; (.leumeuaenl an J convection conditions of internally finned, concentric tube air heater. 
FIND: (a) Thermal circuit, (b) Heat rate per unit tube length, (c) Effect of changes in fin array. 
SCHEMATIC: 



T =25°C 
ft o '=20a W/mr'K 



nj = 13 mm 



Water 

7"^ , = GO °C 
hA 5000 W/m 2 K 




r% = 16 mm 
rg = 40 mm 



Steel 

(* = 20W/m-IQ 



R 'conv,i R 'oond ^,0 

ASSUMPTIONS: ( I ) Sleady-state conditions, (2) One-dimensional heat transfer in radial direction, (3) 
Constant k, (4) Adiabatic outer surface. 

ANALYSIS: fa) Por [he thermal circuil show n sehcmaiically. 



R e.,r,.i = ( h i 2jn l ) Rcond = 111 foAl V 2 ' Tk • and R 't.o = (>fc h o A t ) ' • 

-^(l /„•). Af = 21. = 2(r 3 '2). A; = NA'c 1 [2nr 2 Nt),and jy f - tanhmL 



ml. 



1 =- 



v\ here 
i/ 0 = I- 

( b ) 

R eon\.i f Pcond + P-t,o 
Substituting the known conditions, it follows that 

R ' con v> ; - f 5000 w/ m 2 Kx2*x0.013raj = 2.45 x 1 0~ 3 m K/w 
R c ml d = In {0.0 1 6m/0.0 1 3m )/2jt (20 W/m K) = 1.65x1 0~ 3 m • K/W 
R ; >C) = fo. 575 x 2 1 11 1 w/ m" - K * 0.46 Imj 1 = 1 8.86 ■• 1 1 1 ? 111 K/W 
where /ft- = 0.490. Hence, 

(90-25fc , ^ 

q = '- = 283 1 W/m < 

(2.45 + 1.65 + 1 8.86) x 10 3 m K/W 
(c) The small value of t)f suggests that some benefit may be gained by increasing t, as well as by 

increasing N Willi ihe i\\|uiieniein llial N'l 5!> mm. we use ihe III I' t'lVfhmtuhv ( uk-iikilio.il. Exh-niial 
Surface Model for the Straight Fin Array to consider the following range of conditions: t = 2 mm, 1 2 < N 
< 25; t = 3 mm, 8 < N < 16; t =4 mm, 6 < N < 12; t = 5 mm, 5 < N < LO. Calculations based on the 
foregoing model are plotted as follows. 

Continued- 
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PROBLEM 3.140 (Cont.) 




2000 -f—l — I — I — I — I— I — I — I — I — I — I — I — I — I — I — I— I — I — I— 

5 10 15 20 25 



Number of fins. N 

— ■ — t = 2 mm 
P t = 3 mm 
— A — t = 4 mm 
— * — t - 5 mm 

By increasing t from 2 to 5 mm, iff increases from 0.410 to 0.598. Hence, for Fixed N, q' increases with 
increasing t. However, from the standpoint of maximizing q't , it is clearly preferable to use the larger 
number of thinner fins. ! lence, subject to the prescribed constraint, we would choose t = 2 mm and N 
25, for which q' = 4S80 W/m. 

O tMMKM'S: (1) The air side resistance makes the dominant contribution to the total resistance, and 
efforts to increase q r by reducing R\ 0 are well directed. (2) A fin thickness any smaller than 2 nun 
would be difficult to manufacture. 
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PROBLEM 3.141 

KNOWN: Dimensions and number of rectangular aluminum fins. Convection coefficient with and without 
fins. 

f 1 N [>: Percentage increase in heat transfer resulting from use of fins. 
SCHEMATIC: 




L = SO> 



1 



t -0.5mm 



'J 



-\ 



1 



N=ZSOm-* 

h w =30 W/m* -K(with fins) 
h Jff+OW/vj* -K(wifhout fms) 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, (4) 
Negligible rad union. (5) Negligible tin contact resistance, (fi) Uniform connection coefficient. 

PROPER'] IKS: Table A-i, Aluminum, pure: k * 240 W/m-K. 

ANALYSIS: b\ akmte the fin parameters 
L c =L+t/2 = 0.05025m 

A p - L c X - 0.051 >2 5 m x 0. 5 x 1 0~ 3 m=2 5 . 1 3 < 1 1 >~ 6 m 2 



L-;- ; (]i,v kAp)' ~ (d i'" ::. r i-.i; 



3 : 



nl/2 



30 W/m 1 ■ K 



240 W/m-Kx25.13 dllV 



L 3 c /2 (h w / kA p )' /2 =0.794 

It follows from Fig. 3.18 that t|f* 0.72. Hence, 
If =W c lmax "°- 72 h w 2wL % 

q f = 0.72 x 30 W/m 2 ■ K x 2 x 0.05m x ( w % ) = 2. 1 6 W/m ■ K. ( w <9|, ) 

With the fins, the heat transfer from the walls is 
q w -Nqr-(1-Nt)wh w % 

q w =250x2.16 (w (^) + (lm-250x5xlO" 4 m x30 W/m 2 ■ K (w ^) 

m - K ^ ' 

W 

q w =(540 + 26.3) (w #b) = 566 w % 

m- K 

Without the fins, q vvn = h Wll 1 m x w ()[, = 40 w 0 b . Hence the percentage increase in heat 
transfer is 

— Lwa. = i 1 - = 13. 15 = 1315% < 

q wo 40 w % 

1/2 

COMMENTS: If the infinite fin approximation, ts made, Jt follows that qf = (hPkA c ) 0 b 

=[h w 2wkwt] 1/2 0 b =(30 x 2 x 240 x 5xl0" 4 ) 1/2 w E) b = 2.68 w 0 b . Hence, q f is 
overestimated. 
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PROBLEM 3.142 



KNOWN: Wall with known heal generation rate, thermal conductivity, and thickness. 
Dimensions and thermal conductivity of fins. I leal transfer coefficients and em ironment 
temperatures. 

FIND: Maximum temperature 
SCHEMATIC: 

T s ., T 



q=.i 



h,= 50 W/m -K 
T, = 30°C 



k = 25 W/mK 
q = 2 x 1 0 5 W/m 3 



2L = 60 mm 



L, = 20 mm 



I 



mm 



1 



S = 2 mm 



k f = 250 W/mK 



h 2 = 12 W/m 2 - K 
T 2 = 15°C 



ASSCMP ['IONS; U) Steady -stale conditions. (2) Wall surface temperatures are uniform, (3 1 No 
contact resistance between fins and wall. (4) Heat transfer from llie fin tips can be neglected. 

ANALYSIS: The temperature distribution in a wall with uniform volumetric heat generation and 
specified temperature bouiulan conditions is. from liquation 3.41 



2 ' 



2k 



T. , + T. 



(1) 



The heat transfer rates at the two surfaces, for a wall section of area A, can be found from Fourier's 
f aw: 



q Si i - - kA — = - ql .A - k A ■ 



2L 



= qLA - k A 



x L. 



[ s.2 ' Ul 
21. 



(2) 
(3) 



We can express these same heat transfer rates alternatively, as follows: 
q M -h,A(l| - T sj ) 

0*2 = h 2 A t (T^ -Tj)^ 



(4) 

(5) 



where r| D is given by Equation 3. 102. Equating the two expressions for q^, Equations (2) and (4) r 
and equating the expressions for q 3 z , Equations (3) and (5), and solving for T s l and T Si2 yields 

Continued... 
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PROBLEM 3.142 (Cont.) 

k , ~ fk 



j^A. + hjAjh.T, + ^-ti,AT 2 + \j - li 2 AjqL 

r s. ] 77.. m 



kit, - khnA 

— L + h,b 2 A + — -— 
2L ' 2 21. 



\2 = 



2L 



qL 



2L 1 ' 2L 



V. :1L'I L" 



A A A 



Perfbrmiim itie calculations: 



in 



Mr 



Jh 2 P f2h7 f 2 12 W:i:, J I, 
\k r A c \ k r t \2?OW.m ■ K ■ 0.OO2 m 

tanh{mL f ) _ tanh (e.9 iiT 1 * 0 02 m) _ 



■6.9 m" 



.ill . ■ 



6.9 m"^ 0.02 m 



0.994 



NA f _ M2wL f _ 2L f 2 x Q.Q2 m = 
A (6 i t)Nw 5 + 1 0.004 m 



A. NA f A h NA f 6Nw NAf S 0.002 m 
— = + — 6- = + = '- + = 10. + = 10.5 



(8+t)Nw 
A = 1 0.5 - 10.(1 -0.994) = 10.4 

h 2 A = 12 W/m 2 ■ K * 10.4 = 125 W/m 2 ■ K 

k _ 2t W/m K 
2L 0.06 m 



S + t 



0.004 m 



= 417 W/m 2 K 



I 'IlLlS 



(417+125) W/m : ■ K x 50 W/m 2 ■ K x 30°C 
+ 417 W/m 2 ■ K x 1 25 W/m 2 - K x 1 5°C 
+ (2x417-125) W/m 2 -K> 2>'l() f W/m 3 x 0.0? m 



(-417x50 
i 50 ■ 125 



^+417 / 125) (w/ni'-K) 2 



Continued... 
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PROBLEM 3.142 (Cont.) 



T M = 92.TC 
Similarly . 

The location nl'lhc maximum temperature in the uall eari be found b\ sett inti thi? siradietil nfthe 
lemp era lure (from Initiation ( I )) lo zero: 

£T = _ qx + \ 2 - T M = fl 

d\ " k 2L 

Thus. x maj . -k — — — . SubsliUiliii" this buck into the temperature distribution. 

2 I L| 

2k 8L 2 q 2 

2 * It) 5 W/m 3 » (0.03 m) 2 r 25 W/m- K - Q2.7"t ) : 

2 ■ 25 W/m ■ K gx {0.03 in) 2 x 2 • ]() 5 W/m 3 

92.7°C + 85.8 D C <- 

+ " 93.7°C - 

2 
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PEiOKLKM J!. 143 



KNOWN: Dimensions. base lem petal Lire and environmental condiumis assudaled xvilh a n rui-ul..n. 
aluminum fin. 

KIND: fa) I'm effieienev and effectiveness, (bl ] [eat dissipation pot unit width. 
SCHEMA 1 It: 



t= 2mm 



^|*^=6mm-»| 



T J) -250°C 

w= Fin width Tl 7 M =20°C „ 
' h = 40 W/m 2 K 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible radiation and base contact resistance, (5) Uniform convection coefficient. 

PROPER!'] ES: Table A-l, Aluminum, pure (T * 400 K): k = 240 W/rmK. 

ANALYSIS: (a) With U = L = 0.006 m, find 



Ap = Lt/2 = (0.006 m)(0.0O2 m)/2 =6x10 m , 

4t) w/ nr • K 



4 /2 (h/kA p ) " = (0.006m) 3 /2 



1/2 



240W/mKx6xlO b nr , 



n n77 



and from Fig, 3.18, the fin efficiency is 
tjf » 0.99 . 

From Eq. 3.86 and Table 3.5, tbe fin beat rate is 

qr = wqmax = w hA i-(in]<% = -'/fiiw - t /: I 

From Eq. 3.S 1, the fin effectiveness is 



1/2 



•'f 



If 



L 2 ^(t/2) 2 J /2 ^ 2.^ f |"l 2 i (t/2) 2 | /2 



hA C;b 4 h(w-t)^ 
(0.006) 2 ■ (0.002/2 ) 2 



2 1 1 



I 1 



m 



6.02 



11 002 in 

(b) The heat dissipation per unit width is 
qf =(qf/w) = 2 W h[L 2 + (t/2) 2 



1 r n'''^ 

q[- =2xO.Wx40W/m 2 K (0.006) 2 + (0.OO2/2) 2 m x (250- 20)° C = 110.8 W/m . < 

COMMENTS: The parabolic profile is known to provide the maximum heat dissipation per unit fin 
mass 
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PROBLEM J. 144 

KNOWN: Dimensions and base temperature oi an annulai, aluminum fin >>t reelaiunilar profile 
Ambieru air c audit iotvs. 

FIND: (<i) I'm heal kiss, I h 1 1 [eat j^ss pef unn length of tube with 200 t'uis spaced a1 5 mm incicmcjUs 

st miM.vnc: 



JV = Z00fin8/m 



i- 



* L = 10 mm 



Aluminum 



4 



= 12.5mm 



ASSUMPTIONS ( I ) ytctidy-sUite conditions, i J) One-dimensional conduction. 1 3 1 Constant properties. 
(4) Negligible radiation and contact resistance. (?) I imform convection coeffiutettt. 

PROPERTIES: Tulih' l-l Mtinumim. pure ("[ * 4lK) Ky. k-^OWonK. 
ANALYSIS: (a) The fin parameters for. use with I igtue .U l J are 

jyjg = r 2 \* 1/2 - ( ! 2.5 mm - 1 0 mm ) + 0.5 mm = 23 mm = 0.023 m 
m Lc = L - x/2 - lU.5mm-0.mn5m 



A p = L c t = 0.0105 m xO.OO'Im = 1.05* 10 ''m 2 



J 3 



= 0 IS 



Hence, the tin elTeetiveness is n f * J t » 7 . and fmm fc£| and My the finkat rate is 



q f ^ 2.T*0.y7>- 25 Vv/m 2 K a| (0.025 m) : -(n.0125m) 2 |225°C - f^Jl < 

(b) Rfejngiii/inj: that thereareN 2l><> tins per meter length of the tube, the total heal rate c msidenny 
contributions due to the tin and base (millnnedi surfaces is 

q'= Kq f + h([-N't)2^£?b 

q'-2U(lm' 1 *l2.SW+25W/m 2 -K(l-2((0m~ l - 0.00lm)> - (O.OI25m)225 1 'C 

i - (25hu\\ - 35.* W )/m - 2.*Jf kW/m < 

COMMITS; Note that, white coven ny oirlv 2<i% t ,f the rube surface area, the tubes account for mm c 
I hau X5 n „ .it" the total heat diss i pal km 




I' ROB I, KM 3.145 

KNOWN: Dimensions and base temperature of aluminum fins of tee Lingular profile. Ambient air 
conditions. 

FIND: (a) Fin efficiency and effectiveness, (b) Rate of heat transfer per unit length of tube. 
SCHEMA'] IC: 



7 jb -200°C 



N" = 125m- 1 
Aluminum fins 



T| = 25mm 



i-L= 15mm-»|^ 

^--f = 4mm 



Zl 

7"_=20°C ^ *" Air 



ASSUMP TIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction in fins, (3) 
Constant properties, (4) Negligible radiation, (5) Negligible base contact resistance, (6) Uniform 
convection coefficient. 

PROPERTIES: Table A-l, Aluminum, pure (T * 400 K): k = 240 W/m-K. 
ANALYSIS: (a) The fin parameters for use with Figure 3.19 are 

r 2c = r 2 + t/2 = 40 mm + 2 mm = 0.042 m 1 . c = I . i t/2 = 1 5 mm ■ 2 mm = O.o 1 7 in 

A p = L c t =0.0 17 m x 0.004m = 6.8x10" 5 m 2 



r 2c/ r l = a042 m/0.025 m = 1 .68 

\}J 2 (h/kA p ) 2 = (0.017 m) 3 ' 2 40 W'/ m 2 ■ k/ 240 w/m - K x 6.8 x 1 0 5 m 2 
The fin efficiency is T| f = 0.97. From Eq. 3.86, 



i : 



= 0.11 



If = Wlmax = Vf hA f(ann#) = 2jrJ 7f h 



2 2 
15c -II 



q,< =2,-,. 11.47-411 w/nr K (O.042) 2 (II.U25) 2 | m 2 x 1 W (. = >i l W 



From Eq. 3.81, the fin effectiveness is 



SIlW 



I n5 



NO r 



hA e.l.A 4ii w/m 2 ■ K 2,r (0.025 m 
(b) The rate of heat transfer per unit length is 
q' = N'q f + h(l N't) (2,^)% 

q' = 1 25 x 50 W/m + 40 w/m 2 ■ K (t - 1 25 x 0.004) ( 2m x 0.025 m) x 1 80° C 
q' = (6250+ 565) W/m = 6.82 kW'/m 
COMMENTS: Note the dominant contribution made hv the tins to the loUil heat transfer. 
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PROBLEM 3.146 

KNOWN: Dimensions and materials of a tinned (annular) cylinder wall. Heat flux and 
ambient air conditions. Contact resistance. 

LIN I): Surface and interface temperatures (a) without and (b) with an interface contact 
resistance 

SCHEMATIC: 

I 7; ~n s-k*soWhrK 

J 1 -£^+^2 „ m f f f . szoK 

C' r h -70mm I — , Aluminum, 




ASSUMPTIONS: ( 1 ) Qne-d miens lonal, steady-state conditions, (2) Constant properties, (3) 
Uniform h over surfaces, (4) Negligible radiation. 

ANALYSIS: The analysis may be performed per Lin it length of cylinder or for a 4 mm long 
section. The following calculations are based on a unit length. The inner surface temperature 
may be obtained from 

q J - 1 t 00 = q\ (In rj ) = 1 0 5 W/m 2 x In x ( 1.06 m - 3 7. 700 W7m 

where R' tot - R[. - R' u - R' w + R' equiv ; R camv - (I / R f - 1 / R' b ) _1 . 

Conduction resistance of cylinder wall: 

In ( n / rr 1 In (66/60) 4 
R' - ■ ' ' } ~ - 3.034 x 1 0 4 m - K/W 

L 2tt k 2 h- (50 W/m- K) 

RJ c , Contact resistance: 

R' tc - R? iC /2jt i] -10" 4 nr -K/W^^xO.ood m - 2.41 1 x 1()~ 4 m-K/W 
R' W; Conduction resistance of aluminum base: 

In ( it, / n I In (70/66) s 

R f w = v " u = 2 £ = 3.902x10 m-K/W 

w 2;t k 2^rx240W/m K 

R {-,, Resistance of prime or unfinned surface: 

Rb=— — = = ' = 454.7x]0" 4 m-K/W 

h A'h ] (id \v r.r ■ K x 0.5 x 2,t(0.07 m) 

R'f . RfsiMtti/icc of {tin: The fin resistance may be determined from 

q'f m hA\ 
The fin efficiency may be obtained from Fig. _i. N, 

r 2c - r 0 - t/2 - 0.0 L )6 m L t . - L+t/2 - 0.026 m 

Continued 
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PROBLEM 3.146 (Cont.) 



1*3 



Ap = L c t = 5.2 x l& m J n t . / q = 1 .4 5 L c ' 2 ( hi k A p ) ^0.375 

Fig. 3.10 -> rii~0.8R. 
The total jfirt surface area per meter length 

Af - 250 1 /r(tf - !,;)> 2 | = 250 in" 1 j 2yr(o,096 : - 11.07 2 ) 



in" = m. 



Hence 



* 1 00 W/m" ■ K. ■ 6.78 m 



- lO.Sx 10 44 m-K'W 



r:. 



' | II! 



Rf -| m 

I / R ^ m v - ( I / 1 6. « x I 1 r 4 - ! / 454. 7 x 1 ( I 4 ) W ■ m -K- 617.2 W/m ■ K 
- 16.2. 10 4 rn-K/W. 



Neglecting (he contact resistance. 

!6.2)10 _4 m K. i 

Tj = q'R' kl[ -T x =37.70(1 W/m ■ 19.6* |0 4 m K. W+320 K = K 



R' Ull - (3.034 + 0.390 + \ 6.2 )HH in K W -IW-IO^ m-K/W 



T[ = Tj-q'R^ = 393.9 K -37,700 W/m > 3.034 x HP m- K.AV = 382.5 K 

% =T| -q'Rh =382.5 k - 37. 700 W/m x 3 .'•XI 2 x [ 0"" 1 m K/W = 3KI.O K. 
I tic In Ji tig the eon tact resistance. 

R' un - |t$% >. |0 " 4 + 2.4 ! 1 a 10 4 )m ■ k. W - 22.0 - I0" 4 m k/W 

Tj = 37.700 W<'mx22.0.* I0" 4 m K/W+32U K = 402.V K 

T[ ! - 402.9 K -37.700 Win - 3.034 m k W = 391 .5 K 

T| -391.5 k -37, 700 1 - [If 4 m- K.-'W - 382.4 K 

T h = 3N2.4 K - 37,700 W,m> 10" 5 m K W - 3K0 4 k 

COM MEMS: ( 1 ] The f.ffei tile con He I resistance is mvill 



< 
< 
< 



< 
< 
< 
< 



{2) The effect of including the aluminum fins may be detenu inei! by computing T, without the 
fin*. In M$ Ri M i - R c + Rconv wllcre 

I 1 ... . ... 4 



Re- 1 



... s 



--= 24l.lv io" 1 m -K 



100 W irr - k 2, r( 0.066 m) 
Hence. R tMl - 244. 1 ■ Hi 4 K W . and 

Ti - q'R'tul - 37.700 W/m ■ 244.1 , MT 4 m - K/W+320 K - 1240 k. 
Hence, the Tins have a significant effect on reducing the cylint 



(3 I The overall she face efficiency is 



7 t! = i-(A; A] i§ -7 f ) = !-6.7!<i 1 v7.00m(t-O.S«},0.XM4. 
It follows that ci^^lipAjf/t, - 37.700 W/m, which agrees with the prescribed value. 
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PROBLEM 3.147 

KNOWN: DiincnsiinK an J maiciiuls ol'a llmioJ < ii!miil.i:i'> o% ItndcE walj (. umliLKliou ta^auil iimbiijin 
MM): (a 1 1 leal rate pa unfl Icvielh and surface ajid interfuse kniperatiirts, (h) EJ'iee! nfiiicrcasiiii! me 



S< 1 1 [.MAI K 



7" g = 1100 K 



Ti T. 



V 



r) = 60mm- 
fy =66 mm 



A 



50 W/m-K 



-r 0 = 95mm- 



ba=sr 



f=2mm 
a = 2 mm 



I. - 320 K 

ft = 100 W/m 2 K 



9 



"Aluminum 
Hr=24aW/mK 



•9' 



ASM AlPTIOVs: < . ] 1 1 hiCMlimiaisiottfll. stcady-siaic coiuliiiuns.. (2) luihtoni properties. 0)\ Inffl^M N 
uvcr Mirtaccs. <4i NeylimMe iiidiainni 

ANALYSIS: (a) Tlkr heal rale per lutf) lefittlli is 

, In tk 
It =— 

R' 

R|j = ( kg 2 -rj ) ' = I ! 50 w/ nr ■ k < 2,? < U.Mim ] ' = bill 1 77m ■ k/\V 



Lrk,, 2.r(5f>w/m K) 



R U = ( K t. L / 2 ' Tf 1 )= I'*" 1 r " 2 k/sv/zr * lt.0f.0iii = 2 41 x It)"* 1 m- k/\V 



2,rk 2.7 ■ 
N'A,- 



A'^N'A^fl N'l}2,Ti h 

(2%/nO M"% |t (mr (lc ) - I, (rnj^) k, (:nr (1L ) 



[4 fi;) ! " (m, i >MKv> 1 M»><h>ii('»w) 



(. OI!tlIlLk-tl... 
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PROBLEM 3.147 (f ont.) 



Once the licit rate is deiermiiied [mm ihe foregom;; expressions, tlic desired interface temperatures ma> 
be obtained from 



T h =T e q'(Rg iR' u i Ri iC I Rp) 

For the specified conditions wc obtain AJ = 7.00 m, rj f =0.902, 7 0 =0.906 and R; 0 =0.00158 
m.R/W. it follows tliai 



Tj=4()5K, T 1 j=393K > T, 0 = 384K, T h =382k < 

(b) The Performance Calculation. Extended Surface Model for the Circular Fin Array may be used to 
assess the effects of tin thickness and spacing. Increasing lite fin thickness to t - 3 mm. with 6-2 mm. 
reduces the number of tins per unit length to 200. 1 lence. although (he fin efficiency increases (tlr - 
0.930). ihe reduction in the total surface area ( A' t - 5.72 m) > ields an increase in the resistance ot'llie I in 
array (R'^ 0 00 188 m-K/W), and hence a reduction in the heat rate ( q' = 38/700 W/m) and an increase 
in ihe interlace temperatures [ 1- - 415 K. T u -404 K. T 1>0 -394 K.. and T b -393 K). 

COM MEM TS: Because the $• as convection resistance exceeds all other resistances b\ al least an order of 
maun nude, incremental changes in R L() w ill not have a significant effect on q(or the interface 
lemperatures. 
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T,=T g q'Rg 





q' = 39.300 W/i 



in 



< 



PROIiLKM 3.148 



KNOWN: Dimensions oi" finned aluminum sleeve inserted over a transistor. Contact resistance between 
sleeve and transistor. Surface convection conditions and temperature of transistor case. 

KIND: (a) Rate of'heat iransler from sleeve and (b) Measures Jnr increasing heat dissipation. 

SCHEMATIC: 




k=2MIIMn-K 



ASSl'MP HONS: ( I ) Steady -state conditions. (2) Negligible heal transfer IVtun the top and bottom 
surfaces of the transistor, (3) Onc-dimcnsional radial conduction, (4) Constant properties, (5) Negligible 
radiation 



ANALYSIS: 

(a) The cireail must account tor the contact resistance, conduction in the sleeve, convection from the 
exposed base, and conduction/convection from the fins 



i — vV 



^, sleeve 



Thermal resistances for the contact joint and sleeve are 



R 



0.6 y 10 -3 m 2 ■ K/W 



1 . s 



2xv,U 2t:(().0025 m)(0- 004 m) 
_ ln(r 2 /ii) _ ln<3.5/2.5) 



= 9.55 K/W 



= 0.0669 K/W 



2nkH 24200 W/m KX0.O04 m) 
For a single fin. R,. r = 0 b / q f , where from Table 3.4, w ith tip convection, 



T_ 



Continued. 
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PROBLEM 3. 14S (Clint.) 



% - <hPkA e )'"H h Smh °" L) + ([l/mklCMh(m[ - ) 
cosh(ml.) + (h/mk]siiih(ni[.) 



with P = 2(H + t) = 9 6 mm = 0.0096 m and A<,= t x H = 3 2 x HP m 3 , 



7 



0 W/m ■ K 



111' 

kA w U()0 W/m-k 3.2 =< 10" 6 m 2 ^ 



mL = 21.2 m* 1 O.OOS m= 0.170 



■21.2 in' 1 



30 W/m -K 



mk 21.2 m" 1 * 200 W/m ■ K 



and 



(hPkA t ) IQ = (30 W/m 2 ■ K >< 0.0096 m - 200 W/m-K * 3.2 * 10~ 6 m 2 )" 2 = 0.0136 W/K 



Use o [Table B. I \ iclds. tor a single ["in 

[.i.i 14 + 0.00707 ■ 0.171 
0.0136 W/K (0.171 - 0.00707 ■ 1.014) 



R , .• = "" — — — = 421 K/W 



Hence, tor 1 2 fins, 



=-^- = 35.1 K/W 
For the exposed basc : 

R M) ! ; ! =673 K/W 

h(2;ir 2 - 12l)I I 30 W/m 2 ■ K (2* ■ 0.003? - 12 x 0 0008)m x 0.004 m 

With 

R,, n - ' (35. 1 1 -1 + (673 C 1 |" - 33.3 K/W 

it follows that 

R M = (9.55 + 0.0669 + 33.3) K/W =43.0 K/W 

and 

11 R w 43.0 K/W 

(b) With 2nr 2 = 0.022 m and Nt = 0.0096 m, the existing gap between tins is extremely small (0.96 mm). 

Hence, by increasing N and/or I. ii «ould become even more dil'tleuli to maintain satisl'aciorx aiillou 
between the tins, and this option is not particularly attractive. 

Because the fin efficiency for the prescribed conditions is close to unity ( rj f = ( liA f R t f ) -1 = 0.992). there 

i» lil:lc a;Uai::aae U: icplucins: a:ni:ii:ini:i « nil a :i:a:e:ail uJ'hiaJio 1jci.l:;I emidueli\ it> i.'n 

Continued 
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PROBLEM 3. 148 (( out.} 



v, iu k 4Ci) V\ .1: K :. I km, j\c[. Lie lui tie 1 iiI.il- of Miaiic>:> linn sii2iii:ka:i1 ":enc:i1 cmkd he !iitii:i-cl 
by increasing the fin length, L = j 3 - r 3 . 

Ii is also ei idem thai the thermal contact resistance is lame, and from Table 3.2. it's clear that a 
significant reduction could be effected bv using indium foil or a conducting grease in the contact /.one. 
Specifically, a reduction of R" c from 0.6x10"' to 10"* or even 10~ s m ! -K/W is certain h feasible. 

Table 1 . 1 suggests that, by increasing the velocity of air flowing over the fins, a larger convection 
coefficient may be achieved A value of h = 100 W/m 2 K would not be unreasonable 

As options lor enhancing heat iransler. we there lore enter the loregoing equations into 11 IT to explore lite 
effect of parameter variations ov er the ranges S < I. < 20 mm. < R' c < 0.6* 10" m 2 -K/W and 

30 < h < 100 W/m J K. As shown below, there is a significant enhancement in heat transfer associated 
with, reducing R* x from 0.6/ Id" 10 10" 4 m J -K7W, for which R, c decreases from 9.55 to 1.59 K/W. At 

this value of \V [ ( . . the reduction in R L(1 from 33.3 to 1 4.8 K/W which accompanies an increase in L from 

8 to 20 mm becomes significant. > iclding a heat rate of q t = 3.65 W for R? e = 10"* m 2 -K/W and L =20 

mm. However, since R t(1 » R lc . little benefit is gained bv further reducing R" uc to I!)"" 1 nr-K/W. 



4 

I 

B- 3 




0 -| 1 1 1 1 1 1 1 1 1 1 1 

o.ooe o.oi 0.012 0.014 0.016 o.ois 0.02 

Fin length, L (m) 



-e- h = 30 W,'m A 2.K. R't.c = 0.6e-3 m"2.K/W 
-a- h = 30 W,'m A 2.K. R't.c = 1.0e-4 m"2.K/W 
— B— h = 30 W,'m A 2.K. R"t.c = 1.0e-5 m"2.K/W 

To derive benefit from a reduction iir R [c to I0" s m 3 K/W. an additional reduction in R [0 must he made. 
This can be achieved bv increasing h. and for 1. - 20 mm and h - 100 W/rn 1 k. R L 0 - 5.0 K/W. Willi 
R^ = 10 -5 m 2 K/W, a value of q t = 1 1.5 W may be achieved. 



Continued... 
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PROBLEM 3. 14X(Cont.) 



'2 




0 -| 1 1 1 1 1 1 1 1 1 1 1 

O.00S 0.01 0.012 0.014 0.01E 0.D1S 0.02 



Fin length, L (in) 

— B— h = 30 VWm«2.K, FH,C = 1.06-5 m*2.K/W 
-f^- h = 50 W/m n 2.K, R\C = 1.0S-5 m A 2.K7W 
-©- h = 100 VWm A 2.K, R 't.c = 1.0e-5 m*2.K/W 



COMMENTS: ( I ) Without the Untied sleeve, the com eel ion resistance of the transistor case is R mn - 
(2nriHh) _1 = 531 K/W. Hence there is considerable advantage to usijili the I ins. (2) II an adiabatie fin tip 
is assumed. tanh(ml . ) - 0. 16S and R,j - 437. I Icncc the error in tlic fin resistance is 4% relative to the 
actual eoineeiiiiti lip. (3) With ij f - 0.992. Equation 3.102 \ ields ii n - 0.992. from which it follows tlutt 
Rto= (T] B hA t )"' = 33.3 KAV. This result is, of course, identical to that obtained in the foregoing 
determination of R tll (4) In assessing options for enhancing licat transfer, the limiting (largest) 
resislanee(s) should he identified and efforts directed at their redaction. 
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PliOliLKM 3A49 



KNOWN; Diameter and internal fin configuration of copper tubes submerged in water. Tube wail 
temperature and temperature and convection coefficient of gas flow through the tube. 

FIND: Rate of heat transfer per tube length. 

SCHEMATIC: 



H.T. 



T g = 750 K 



A = 30Wfm 2 K 




D= 50 mm f = 5 mm 



$ Copper fln (A' =400 W/m K) 



L = 25 mm 

_ JL 



W=itD- 



T s = 350 K 



ASSUMPTIONS: [ I j Slcady-suue, (2 ) ( >nc-dimonsii>nal lln conduction, (3) Constant properties, (4) 
Negligible radiation, (5) Uniform convection coefficient, (6) Tube wall may be unfolded and represented 
as a plane wall with four straight, rectangular fins, each with an adiabatic tip (since, by symmetry, there 
can be no heat flow along the fins where they cross). 

ANALYSIS: The rate of heat transfer per unit tube length is: 

qj =/?o nA t( T g- T s) 
, NA f t, \ 

NAf = 4x21. = 8 (0.025m) = 0.20m 

A; = NA f +■ A' h = 0.20m + (#D 4t) = 0.20m + (;rx 0.05m - 4* O.QOSrci) = 0.337m 
For an adiabatic fin tip, 

qj- M tan h nil. 

If ~ 



M 



q mas h(2I. HIT, T s ) 
I h 2 ( I m ■ t ) k ( I m t ) |' '' 2 ( [ g T s )*• ?() \v/ m 2 ■ K ( 2 in ) 4i K) w/ m ■ K ( 0. no? m 2 j ■ ( 4oi i K ) _ 4.1S2 V 

30w/m 2 K(2m) 



ml.= :[ •?( lir - t)]/[k(lmxt)]} 

Hence, tanh mL = 0. 1 36, and 

43 82 W (0.136) 



1/2 



1. = 



4! in 



w/m )tjo.005m 2 J 



I 2 



0.025m =0.137 



If 



30w/m 2 K.(o.05m 2 )(400K) 

0.20 , , 

1 (1-0.992) = 0.995 

0.337 



(,nt)\v 



q' t =0.995^30w/m 2 Kjo.337m(4O0K)= 4025 W/m 

COMMENTS: Alternatively, q' t = 4q f + h(Aj. - A f )(T g - T s ). Hence, q' = 4(595 W/m) + 30 
W/m 2 -K (0.137 m)(400 K)= (2380 4- 1644) W/m = 4024 W/m. 
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PROUULM 3.1511 



KNOWN: Internal and external convection conditions for an internally finned tube. Fin/tube dimensions 
and contact resistance. 

FIND: Heat rate per unit tube length and corresponding, effects of the contact resistance, number of fins, 
and tin tube material. 



SCHEMATIC: 



rt„ = 30 W/m^-K 

T g = 750 K * 



fi-f iC =10-4 rr^K/W- 



ss/s 



N fins (t= 5 mm) 

//// 




t<£ = 30 mm 



^s^Z* h„ = 20DO W/m 2 K 
■ 7jJJ=350K 

ASSUMPTIONS: [ I ) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant 
properties, (4) Negligible radiation, (5) Uniform convection coefficient on finned surfaces, (6) Tube wall 
may be unfolded and approximated as a plane surface with N straight rectangular fins. 

PROPERTIES: Copper: k - 400 W/m-K; St.St: k - 20 W/m-K. 

ANALYSIS: The beat rate per unit length may lie expressed as 



q 



r g -T w 



R t,o(c) + R cond + R c 



where 



R t,o(c) = ('7o(c)hg A t ) > *7o(c) : 



NAi 



a; 



C 1 = l-h W h g Af(R t , c /A c , b ), 



A' t = NAf + (2jn\ - Nt ) , A f = 2q , ft- = tanh mrj /mij , m = ( 2 h g /kt ) 
ln(r 2 /ii) 



A c,b =t ' 



Vond 



2n k 



and r: 



:(2,Tr 2 h w 



Using the IHT Performance Calculation, Extended Surface Model for the Straight Fin Array, the 
following results were obtained. For the base case, q' = 3857 W/m, where K-t,o(c) =0.101 m-K/W, 



R 



7.25 • 10 nrvK/W and R.' 



0.00265 nvK.AV. [f the contact resistance is eliminated 



COnd ■■" L "' " Hi-it: 'i «Jm 1-« LI1 |V, .,, 

(Rj jC = 0), q < = 3922 W/m, where Rj^ = 0.0993 m-K/W. If the number of fms is increased to N = 8, 
q' = 5799 W/m, with R t,o(c) =0.063 m-K/W. If the material is changed to stainless steel, q' = 3591 
W/m, with R J Lo(c ) =0.107 m-K/W and R' cm d = 0.00145 m-K/W. 

COMMENTS: The small reduction in qC associated with use of stainless steel is perhaps surprising, in 
view of the large reduction in k. However, because tlj, is small, the reduction in k does not significantly 

reduce the fin efficiency ( ft changes from 0.994 to 0.891). Hence, the heat rate remains large. The 
influence of k would become more pronounced with increasing hg . 
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PROBLEM 3.1 SI 

KNOWN: Design and operating conditions of a tubular, air/water heater. 

FIND: (a) Expressions for heat rate per unit length at inner and outer surfaces, (b) Expressions for inner 
and outer surface temperatures, (c) Surface heat rates and temperatures as a function of volumetric 
heating q for prescribed conditions. Upper limit to q . 



SCHEMATIC: 



At o =100W/m 2 K 



Aluminum 



fi" (c = 10 -4 m 2 K/W 



fj - 25 mm 
r Q = 30 mm 
rf= 55 mm 




Stainless steel 
fa,* s = 15W/mK) 



ASM 1 MP ['IONS; [ I j steady-state, (2) Constant properties, (3) One-dimensional heat transfer. 
PROPERTIES: Table A-li Aluminum, T = 300 K, k a = 237 W/tivK. 
ANALYSIS: (a) Applying Equation C.8 to the inner and outer surfaces, it follows that 



q'(q)= W 



q'{r 0 )=q;rr 0 



2jrk s j~ qr^ 
ln(r 0 /r,)^ 



:..-k 



ln(r 0 /r,) 



4k, 



qr 0 



'>4 



4k 



2\ 



'0-,. Is,) 



'0 ) 



(b) From Equations C. 16 and C. 17, energy balances at the inner and outer surfaces are of the form 

_2 f J, > 

M-.,. i-.i) 



h i ( T «,; - t s j ) = 



4k, 



I 



rjnfro/r,) 



k. 



U (T -T \ = ^3. 



qr 0 



4k 5 



r G 2 



+ ( T s.o-T s ,i) 



r o ln ( r oA ) 

Accounting for the fin array and the contact resistance, Equation 3. 104 may be used to cast the overall 
heat transfer coefficient U 0 in the form 



— fhwK 



where ?7o(c) ' s determined from Equations 3.105a,b and - I&Tq 



Continued. 
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PROBLEM 3.151 (Cont.) 

(c) For the prescribed conditions and a representative range of IQ 7 < q < 10 s W/m 5 , use of the relations 
of part (b) with the capabilities of the 1HT Performance Calculation Extended Surface Mode! for a 
Circular Fin Array yields the following graphical results. 



s? 



E 




1E7 2E7 3E7 4E7 5E7 6E7 7E7 BE7 9E7 1E8 
Heat generation, qdot[W;m"a) 

— o — Inner surface temperature. Ts,i 
— A — Outer surface temperature, Ts,o 



It is in this range that the upper limit of T s j = 373 K. is exceeded for q = 4.9 x 10 7 W/m 5 , while the 
corresponding value of T s 0 379 K is well below the prescribed upper limit. The expressions el' part 
[ai viekl [he lolloping results lor [he surface heat rales, where heat transfer in the negative r direction 
corresponds to q ' ( r ( ) <0. 





50000 




30000 


rj 




Si 

"S 


10000 


■H 
a 


-1000O 






i 


-30000 






to 






-50000 




1E7 2E7 3E7 4E7 5E7 6E7 7E7 BE7 9E7 1ES 
Heat generation, qdotWitn^) 

-o- q'[ri) 
—a— q'[ro} 

For q =4.9 x 10 7 W/m 5 , q'(rj) =-2.30 x 10 4 W/m and q r (r 0 ) = 1.93 x 10 4 W/m. 



COVIMKM'S; "I be foregoing design provides for c 
This result is a consequence of the nearlv equivalent 



^arable heat transfer to the air and water streams, 
mal resistances associated with heat transfer 

1 =0.00318 rri'K/W is sliehtlv 



from the inner and outer surfaces. Specifically, R-conv i _ (hi 2m 
smaller than R. r ,o(c) =0.0041 1 m-K/W, in which case |q'(fj )| js slightly larger than q'O'o)' whi^ T s j 
is slightly smaller than T s 0 . Note that the solution must satisfy the energy conservation requirement, 
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PKOBI.KM 



KNOWN. Dimensions and thermal conductivities of'a muscle lav er and a skin/fat la>er. Skin 
emissiv il> and surlaee area. Metabolic heat generation rate and perfusion rale within the muscle 
kner. Core hod\ and arterial temperatures. Blood dcnsiH and specific heat. Ambient conditions. 

FIND: Perspiration rate to maintain same skin temperature as in lixample 3.12. 

SCHEMATIC: 



T.= 37°C 



0.5 W/m-K 



\'..-.i_k 

q m = 5600 W/m J 

co = 0.0005 s" 1 



Skin/fat 
fi = 34.S"C 



•e=0.95 

. I 

1 -■ 

-1^ = 0.3 W/m-K 



, = 30 mm 
— ► x 




T«. - 297 K 
h = 2 W/m s -K 



ASSUMPTIONS: ( 1 ) Steady-stale conditions. (2) One-dimensional heal transfer through the 
muscle and skin/fat layers. (3) Metabolic heat generation rate, perfusion rate, arterial temperature, 
blond properties, and thermal eonducliv ilies are all unilorm. (4) Radiation heal transfer 
coefficient is known from fixample 1 .6. <5 1 Solar radiation is negligible, (6) Conditions are the 
same even where on the torso, limbs, etc.. (7) Perspiration on skin has a negligible effect on heal 
transfer from the skin to the em ironment. that is. it adds a negligible thermal resistance and 
doesn't change the cmissivity. 

AN Al.A'SIS: [ Erst we need to find the skin temperature. for the conditions of kxample 3. 12. 
in the air environment. Both q and T L . the interface temperature between the muscle and the 
skin/fat la\ er. are known. The rale of heat transfer across the skin.Tat la\er is given bv 



■A 



kr-M'l, 



1,» 



(1) 



Thus, the skin temperature is 

qL s r 



X =' 



= 34.8°C 



142 W mi.::, .,. 



= 34.0°C 



0.3 W/m-K x 1.8 m" 

Now the heat transler rale will change because of the increased metabolic heat generation rale. 
I lent transfer in die muscle la% ei i- gov erred b_\ llquatim: . : . 1 04 l.i l-\ii:i:ple 3. 12. ll:i> equation 
was solved subicc: In if leuipcrauuc InuiiieUiiv eouditioi:-.. and [he :a;c at wkiek Leal 
leaves the inu-.clca.rd er:c:-. :kc skin Ja1 la>ei was id U: be 



(fyojco shrill, 
si nh ml™ 



(2) 

Continued... 
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PROBLEM 3.152 (Cimt.) 

This must equal the rate at which heat is Iran* ("erred across the skin/fat la\ er. given b\ liquation 
(]). Equating Equations 1 and 2 and solving for T i; recalling that T s also appears in 8 U yields 



Ti=. 



T s sinhmL m +k lll m-^- 


B £ + fx, + ^ m 


cosh nil .„. 









L f 

sinhnii.^ +■ k m in— ^-eoshinL,, 
where 



m 



= ^(rtp„c b /k 1B = | 0.0005 s" 1 - 1000 ka/'m 3 * 3600 J/ka ■ k/o.5 W/m ■ K i'"" = 6!) m" 1 

sinh(rhL ni ) = 3inh(60m" 1 * 0.03 m) = 2.94: coshfmL,,,) = cosh(60 m" 1 x 0.03 m)= 3. 1 1 

e = T -T = = 5600 W/m 3 = -3UK 

c c a fflp b c b mp b c b 0.0005 s" 1 x 1000 kg/ni 3 * 360!) J/ka ■ K 

The excess tempernltire can be expressed in kclviits or decrees Celsius, since il is n 
temperature difference. Thus 

34.0'C x 2.94 + 0.5 W/ni • K > 60 in" 1 - 0 003 m Lj n T + (37^- + 3 .] [°c) - 3. 1 1 I 
T 0 3 W/mK. 1 ' J 



2.94 + 0.5 W/m K =< 60 ni" 1 x t),QQj - • 3.11 

0.3 W/m ■ K 



T; -35.2"C 



and again ('mm liquation (1 ) 

KeMX -\) _ 0.3 W/m K ■ 1 ,H ni~(3.v2"C - 34.0 C C) = J22 w 
Ll L rf 0.003 in 

Since lite skin temperature is unchanged from Example 3.12. the rate of heat transfer to the 
em ironment h\ convection and radiation nil! remain the same, and is therefore still 142 W. The 
diflcrence of KQ W must be removed from the skin b\ perspiration, there! ore 

Assuming the properties of perspiration are the same as that of uater. evaluated at the skin 
temperature of 307 ft. then from Table A.6 h f)f = 2421 kJ/kg and p = 994 kg/mT Thus the volume 
rate ol perspiration is 

^ _ - Vl J^L = 3.3 * JO" 8 nt 3 /s = 3.3 x ID' 5 t/s < 

p ptifg 994 kg .7) * 2421 x 10 3 J/kg 

COMMENTS: (1) This is a moderate rale of perspiration. In one hour', it would account for 
around 01 r?_ (2> In reality, our bodies adjust in many ways to maintain core and skin 
temperatures. Exercise will likely cause an increase in perfusion rale near the skin surface, to 
loeaih elevate the temperature and increase the rate of heat transfer to the environment. 
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P ROM, KM 3.1 SJ 



KNOWN: Dimensions and thermal conductivities of a muscle kuer and a skin/fat layer. Skin 
emissivit) and surface area. Skin temperature. Perfusion rate within the muscle layer Core 
bod> and arterial temperatures. Blood densih and specific heat. Ambient conditions. 

FIND: Metabolic heat generation rate to maintain skin temperature at 33°C. 

SCHEMATIC: 



T B = 3rc- 



0.5 W/m-K 



Muscle 
to = 0.0005 s" 1 



Skin/fat 
T L 



■ L m = 30 i 



-t^4 — Laf = 3 mm — 



• e = 0.95 
■ T s = 33T 

- 1^= 0.3 W/m-K 



ttt 



T S1I = 15"C- 



T x = 28S K 
h = 2 W/m 2 -K 



A..- 




ASSUMPTIONS: (1) Steady-stale conditions. (2) One-dimensional heat transfer ihrounh the 
muscle and skin/lat layers. (3) Metabolic heat licncralion rate, perfusion rate, arterial temperature, 
blood properties, and thermal conductivities arc all uniform, (4) Solar radiation is negligible, (5) 
Conditions arc the same everywhere on the torso, limbs, etc 

ANALYSIS: Since we know the skin temperature and environment temperature, we can find the 
heat loss rale from the skin surface lo (he environment. 

q-hA(T s -T, ) - ttTA(T t 4 - t, ' 
- 2 W/m 2 K I S m 2 <33 - 15)°C + <).'>> • 5.67 « IV* W/m 2 • K. 4 * 1 .8 m 2 (306 4 - 288 4 )K 4 
= 248 W 



We can then find T L . the interface temperature between the skin/fat la>er and the muscle las er. b\ 
uiiah /mil Iku1 :iuii-k-i tin o.i^h :hc >kiu ia> ci . 

t. = t - SLsL = rrc - 24 * w y 0 003 m = 34 4«C 
s k f A 0.3 W/m -Kx 18 m 2 



I leal :i uu-k-: 1:1 :kc :i:u^\l- lu> cj > ^ueuied b\ I qu;i:iiiii 3.1m 1 -;. ;.i | \;liil|lc 3. 1 2. Lnr- equation 
was snhed subject to specified surface temperature boundary conditions, and the rate at which 
heat leaves the muscle and enters the skin/fat layer was found to be 



Continued... 
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PROBLEM 3.153 (C<mt) 



q -k B Ani B ' C " ML "- fl ' 
sinhmL m 

This must equal the rate al which lie.it is transferred across tlie skin/fal La\ er_ as calculated above, 
[nserling the definitions ol'<) L and t) c . uc can solve for the metabolic heat generation tale: 



"Pt/V 



k„ Am 



nliihL 



T: -TJcGshmL m +a\ -T„) 



eoshml. m + 1 



(1) 



v. iiei e 



1/2 

m = V ( "fVV k m = [0.0005 s -1 x 1000 kg/nt 3 ■ 3600 J/kg- k/0.5 W/m ■ K i = 6!) m" 1 
sinh(mL m ) = sinh(60 m" 1 x 0 03 m) =2.94 ; cosh(mL ra ) = cosh(60 m' 1 x 0 03 m) = 3.1 1 



Willi T c - T B . Initiation ( I ) > ields 

q m - 11.0005 s -1 x 1000 kg/m 3 >■ 3600 J/kg- K 

248 W 



■■ '.V .iv i; 1.8 nr 6i.J JtV 



Y * 2.94 + (34.4 - 37yC -3.11 



3.11 + 1 



2341 V, n: 



< 



COMMKM. i I ) Shivering can increase the metabolic heal general ion tale b> up to live to six 
limes the resting inelabolie rate. The value lound here is approximately three limes (he metabolic 
heal generation rate given in l:\ample 3.12. so it is well within what can be produced In 
shivering. (2) In lite water environment, even with the original 24'X iwilcr temperature, shivering 
would be insufficient to maintain a comlortable skin temperature. 
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PKOBLKM J.154 



KNOWN Dimensions and (licrmat conducts ilics of a. muscle layer and - 1 sfcil^ftl layer. 
Metabolic heat aencraiinri rate unci perfusion rale svitliin tin; muscle layer. Anerial icniperuuire 
Blood density mid specific heal. Ambicrtl conditions. 

HM): Hcai loss rale from both and temperature at inner surface ot ihe skirt/fat layer. 

M.E1KMMIC: 
I 



k„. - 0.5 



■ 
■ 

I 
I 

i«- t m ■ S cm 
I T 



q ra - JOS w m " 

% 

U.0ISU5S' 1 



Skin I'ut 



-e- 0.« 



24'V 



ASSUMPTIONS: til Sleuth-Male eondilions. ("2 J One-dimemiatMitl heat tranter tfeUSa^h the 
muscle and skin/fat layers, [}) Metabolic heat generation rale, perfusion rale, arterial temperature, 
blood properties- and thermal conductivities are all liiiitonn, (4) Radiation heat Uaiistet 
eoclTierenl is known from Example \A 

ANALYSIS: 

(a) Conduction \ulli heat sjeneralion is expressed in nidiat coordinates by Equation 144. Willi 
metabolic lieal sjerieratiun and perfusion, this beeninc-: 

IM r il ] - ^ + 'Wb'T a - n _ () < 
rdrl dr ) k 

flic iwundaiy conditions of s> innietiy at the centering and specified temperature at I he outer 
surface of the muscle are expressed as 



dT 

— -0. T( r, > = T, 

fit 



dj 



< 



Mining an escessleiiipcral are. 0 - I - l u - q m /m^ b c h . ihc differentia! equation becomes 
I d ( d0 \ 



Continued. . 
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PROBLEM 3.154 (Cnnt.) 



where nr = '"ivy 1 J'he general .volution 10 ihc differential equation is given in Section j.is.4 

t - c,l Hh (mr) + e,K rl lTflr) 
Applying Hte boundary condition al r — f 1 v il-Ll1s 

di (its 

- c, fid, <<» - ^ ink, (Qi = Q 



Since K|«l> is inilnitt; we must have g, - 0. Applv int? the specified temperature boundarv 
condmon ai r - r, \ icids 



i 1 1, 



E* 0(r, J = T, -T, 



t,l 0 <niT|i 



SolvEiiii tin t i we now have the complete solution lurO. 
' lotmr, i 

i hi 1 ltc heal tltix m the outer surface ul the nuiseic is. given by 



i, h < 



JH 



dr 



_- I. 



K t — =-k„«iin. 



lotwii 



(2, 



TW'j hum he equated to Die heat flux through Uic skin/liu laser and into the eitvininuicnl. In 
terms of the Ilea! transfer rale per unit length oftnrcaria 4,"- and ihc total resistance for a unit 



i r -r 



2rtr, 2nr, ^ 



As ju Example Syl and for ensure of the skin lo the air. !<;,,, aecouni> for conduction ihrmiLih 
ihc skin/fat laver in series with heat transfer h\ convection and radiation, which act in 
with each other. Here the conduction resistance is tor a radial aeumelrv Thus, it is 



HHyy ; I [ I 1 j 
,ul 2nk if 2jtr,'i/ii m, } 

ihc values from Example I 6 tor air. 



liitiy'r. ) 



EL&4 



I 



2itk t 



2&i 



, _ .lu(tU)5j m/(J.U5 in) 



^ 101 



+ ■ 



I 



I 



% <0 W/m - K 1 » X • 0.055 nl { {2 + 5 C J ) ^/flf K 



£ uiuhuimsj liquations 2 and 5 yieids 



M>41 m K.W 
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PROBLEM 3.154 (t out.) 



I 0 {mr|) 2*1] R' m 



This expression can be solved tor TV recalling that Tj also appears in 8j. 
T»I 0 (™, I + k ra 2TT 1 mR^fT 8 + [l 



T: = 



,. u , 



l 0 (nir|)+k in 2*r ] inR; m ] ] (mr| ) 



m = yf^^K~ = I 0.0005 s" 1 x 1000 kg/m 3 x 3600 1/kg ■ k/o.5 W/m - k]" 2 = 60 m" 1 

= 0.389 K 



700 W/m" 



tJ'P h c b 0.0005 s" 1 * 1000 kg/m 3 x 3600 J/kg ■ K 



and [mm Table B.5 



l 0 (mr|) = l 0 (60 m" 1 * 0.05 m) = 1 0 (3) = 4.88 ; I 1 (mr l ) = I 1 (60 m" 1 * 0.05 m) = 1,(3) = 3.95 



Thus. 



24°C x 4.SS + 0.5 W/m. K 

x 2 x n: x 0.05 m x 60 m" 1 

x 0.4 1 m ■ K/W {37 + 0M9)°C x 3.95 



4.88-0.5 W/m-K 
«2xix 0.05 m x 60 m* 1 
* 0.41 m -K/W x 3.95 



= 34.2°C < 



[ci The maximum temperature occurs at the eenlerline of the tbreann. r - 0. thus from liquation 
]. wiihlo(O)- 1. 



T = T a + 



4r 



l "Pb c b 



T - '1 



I 



< Via, 



Jlodhr,) 



< 



- 37°C +0.3S9°C + (34.2°C - 37'C - 0.389'C) *■ — !— - 36. TC 

4.88 



COMY1KN I S: (1 ) I lie maximum temperature is very close In the cure body lempeialiue 
n\'37°C. us would he expected. [2) Pumice 1 12] conducted an experimental investigation 
of the temperature distribution in human forearms, by inserting thermocouples into living 
subjects. 
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PROBLEM 4.1 



KNOWN: Method of separation of variables for two-dimensional, steady-state conduction. 

FIND: Show that negative or zero values of X 2 , the separation constant, result in solutions which 
cannot satisfy the boundary conditions. 

SCHEMATIC: 



w 



6=0- 



o 



^0 



■6=0 
— 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 

ANALYSIS: From Section 4.2, identification of the separation constant X 2 leads to the two ordinary 
differential equations, 4.6 and 4.7, having the forms 



^ + 1 2 X = 0 



d 2 Y 



-A 2 Y = 0 



dx z dy z 
and the temperature distribution is #( x >y) = X(x) • Y(y). 

Consider now the situation when X 2 = 0. From Eqs. (1), (2), and (3), find that 

X = C!+C 2 x, Y = C 3 +C 4 y and (9(x,y) = (C 1 + C 2 x) (C 3 +C 4 y). 



(1,2) 
(3) 

(4) 



Evaluate the constants - Ci, C2, C3 and C4 - by substitution of the boundary conditions: 
x = 0: 0(O,y) = (C 1 + C 2 -O)(C 3 +C 4 -y) = O C 1= 0 



y = 0 
x = L 
y = W 



0(x,O) = (0 + C 2 • x)(C 3 + C 4 • 0) = 0 
0(L,O) = (0 + C 2 • L)(0 + C 4 • y) = 0 
#(x,W) = (0 + 0-x)(0 + C 4 -W) = l 



C 3 =0 
C 2 =0 
0*1 



The last boundary condition leads to an impossibility (0*1). We therefore conclude that a X 2 value of 
zero will not result in a form of the temperature distribution which will satisfy the boundary 
conditions. Consider now the situation when X 2 < 0. The solutions to Eqs. (1) and (2) will be 

X = C 5 e" ix +C 6 e + ^ X , Y = C 7 cos Ay + C 8 sin Ay (5,6) 



and 6>(x,y)= C 5 e" Ax +C 6 e + ^ X ] [C 7 cos ly + C 8 sin Ay]. 



(7) 



Evaluate the constants for the boundary conditions. 



y = 0: 
x = 0: 



0(x,O): 
0(O,y) = 



C 5 e"^ x +C 6 e" lx 



C 5 e° + C 6 e° 



[C 7 cos0 + C 8 sin0] = 0 C 7 =0 
[0 + C 8 sin/ly] = 0 C 8 =0 



If Cg = 0, a trivial solution results or C5 = -Ce- 

x = L: 6>(L,y) = C 5 [e" xL -e +xL ] C 8 sin2y = 0. 



From the last boundary condition, we require C 5 or C 8 is zero; either case leads to a trivial solution 
with either no x or y dependence. 



PROBLEM 4.2 



KNOWN: Two-dimensional rectangular plate subjected to prescribed uniform temperature boundary 
conditions. 

FIND: Temperature at the mid-point using the exact solution considering the first five non-zero terms; 
assess error resulting from using only first three terms. Plot the temperature distributions T(x,0.5) and 
T(l,y). 



SCHEMATIC: 



y(m) 
W=1 



= 50 °C 



-T 2 = 150 °C 



(1,0.5) 



Z 



r, = 50 °c 



7 1 = 50 °C 



L = 2 



"x(m) 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 
ANALYSIS: From Section 4.2, the temperature distribution is 



0(*>y) 



T-Tj 
T 2 -Ti 



6 



(-l) n+1 +l 



^n;rx^ 



sin 



n=l 



L 



sinh(n;ry/L) 
sinh(n;rW/L) 



(1,4.19) 



Considering now the point (x,y) = (1.0,0.5) and recognizing x/L = 1/2, y/L = 1/4 and W/L = 1/2, 



0(1,0.5) = 



T-T] 
T2-T1 



e 



(-1) 



n+1 



+ 1 



-sin 



n=l 



sinh(n;r/4) 
sinh(n;r/2) 



When n is even (2, 4, 6 ...), the corresponding term is zero; hence we need only consider n = 1, 3, 5, 7 and 
9 as the first five non-zero terms. 



0(1,0.5) 



2 sin 



T]sinh(^-/4) 2 . ( 2>n\ sinh (3^-/4) 



v2y 



+ — sin 
sinh(^-/2j 3 



v 



sinh(3^-/2) 



+ 



2 . f 
— sin 
5 



5^>inh(5^-/4) 2 . 

) — ^— f + — sin 

sinh(5^/2) 7 



v y +-sin - 



v 



sinh(7^-/2) 9 



v 



sinh (9^-/2) 



0(1, 0.5) = -[0.755 - 0.063 + 0.008 - 0.001 + 0.000] = 0.445 



(2) 



n 



T (1, 0.5) = 0 (1, 0.5) (T 2 -Ti) + Ti = 0.445 (150 - 50) + 50 = 94.5° C . 



If only the first three terms of the series, Eq. (2), are considered, the result will be 0(1,0.5) = 0.46; that is, 
there is less than a 0.2% effect. 

Using Eq. (1), and writing out the first five 
terms of the series, expressions for 0(x,0.5) or 
T(x,0.5) and 0(1, y) or T(l,y) were keyboarded s; 
into the IHT workspace and evaluated for p 
sweeps over the x or y variable. Note that for Z 
T(l,y), that as y — > 1, the upper boundary, °- 
T( 1,1) is greater than 150°C. Upon examination H 
of the magnitudes of terms, it becomes evident 
that more than 5 terms are required to provide an 
accurate solution. 




0.2 0.4 0.6 0.! 
x or y coordinate (m) 

" T(1,y) 
- T(x,0.5) 



PROBLEM 4.3 



KNOWN: Temperature distribution in the two-dimensional rectangular plate of Problem 4.2. 

FIND: Expression for the heat rate per unit thickness from the lower surface (0 < x < 2, 0) and result 
based on first five non-zero terms of the infinite series. 



SCHEMATIC: 



T 2 = 150 °C 



T 1 = 50 °C 



k = 50 W/m • K 



T 1 = 50 °C 




ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 
ANALYSIS: The heat rate per unit thickness from the plate along the lower surface is 



x=2 x=2 
q 0 ut=- J dq' y (x,0) = - J -k 
x=0 x=0 

where from the solution to Problem 4.2, 

. T- Tl 2^ (-l)" +1 +l . 
0 = — = — > - — sin 

To - Ti n , n 
z 1 n=l 



dy 



x=2 



d x= k (T 2 - Tl ) J f 

y=o x =o J 



dx 



y=0 



^n^-x^i sinh(n;ry/L) 



L 



sinh(n;rW/L) 



Evaluate the gradient of 0 from Eq. (2) and substitute into Eq. (1) to obtain 



qout=k(T 2 - Tl ) I 



X ~ 2 ~ 00 (-1)" +1 + 1 ^f n ^x^(n^/L)cosh(n^y/L) 



-sin 



x=0 n=l 



L 



, WT T^ 2 vH n+1+1 

q ou t = k ( T 2- T i)-2. 



71 



n=l 



n sinh(n^-W/L) 



sinh(n;rW/L) 
2 

x=0 



dx 



y=0 



-cos 



(1) 



(2) 



qout=k(T 2 -T 1 )^I^ lj 



71 



n=l 



n sinh(n;r/L) 



- — — ri-cos(n^)] 
n^/L) L v n 



To evaluate the first five, non-zero terms, recognize that since cos(n7t) = 1 for n = 2, 4, 6 only the n- 
odd terms will be non-zero. Hence, 



Continued 



PROBLEM 4.3 (Cont.) 



qout =50W/m-K(l50-50)°C 



71 



(-1) 2 + 1 



1 



+ 



(-1) 6 + 1 



-(2) + 



1 sinh(^-/2) 

(-if + i i 



(2) 



+ 



1 



(2) + 



H) 4 + l 

3 sinh(3;r/2) 

(-1) 10 + 1 1 



•(2) 



(2) 



5 sinh(5;r/2) v 7 sinh(7;r/2) v 9 sinh(9;r/2) 

q out =3.183kW/m[l.738 + 0.024 + 0.00062+(...)] = 5.611kW/m < 

COMMENTS: If the foregoing procedure were used to evaluate the heat rate into the upper surface, 
x=2 

qj n = - | dq'y (x, W) , it would follow that 
x=0 

2 00 (-i) n+l +i 
qin=k(T 2 -T 1 )-X^ L n coth(n;r/2)[l-cos(n;r)] 

71 n=l 11 



/ n being a 



However, with coth(n7r:/2) > 1, irrespective of the value of n, and with V (-l) n+ + 1 

n=l 

divergent series, the complete series does not converge and q m — > oo . This physically untenable 
condition results from the temperature discontinuities imposed at the upper left and right corners. 



PROBLEM 4.4 



KNOWN: Rectangular plate subjected to prescribed boundary conditions. 

FIND: Steady-state temperature distribution. 

SCHEMATIC: 



T=0 



-T(x,y) 
hT=0 



^T=0 

ASSUMPTIONS: (1) Steady-state, 2-D conduction, (2) Constant properties. 
ANALYSIS: The solution follows the method of Section 4.2. The product solution is 

T (x,y) = X(x) • Y (y) = (Crcos/lx + C 2 sin/Lx)(c 3 e" ly + C 4 e +ly J 

and the boundary conditions are: T(0,y) = 0, T(a,y) = 0, T(x,0) = 0, T(x.b) = Ax. Applying 
BC#1, T(0,y) = 0, find Q = 0. Applying BC#2, T(a,y) = 0, find that X = nn/a with n = 1,2,.... 
Applying BC#3, T(x,0) = 0, find that C3 = -C4. Hence, the product solution is 

T(x,y) = X(x)-Y(y) = C 2 C4 sin — 3 

a 

Combining constants and using superposition, find 



e+ Ay_ e -ly 



CO 



T ( x >y)= Z C n si 

n=l 



sin 



n;rx 



sinh 



n;ry 



To evaluate C n and satisfy BC#4, use orthogonal functions with Equation 4.16 to find 



C 



n "Jo 



Ax ■ sin 



n;rx 



a 



dx/sinh 



n;rb 



a 



f 

JO 



a • 2 
sin 



n;rx 



a 



dx, 



noting that y = b. The numerator, denominator and C n , respectively, are: 



ra . nxx 

A x • sin dx = A 

Jo a 



sin 



n;rx 



ax 



-cos 



Ka 



Aa" 



[-cos(W)] = (-l) 



r\7T 



sinh 



nab 



ra . 2 n^-x . 

sin dx = sinh 

JO a 



n;rb 



1 a 

— x sin 

2 4n;r 



2n;rx 



- • sinh 



nab 



c ^ ( . irl/ a inh 
2 

Hence, the temperature distribution is 



n;rb 



= 2Aa (-l) n+ */n;r sinh 



n;rb 



v 2Aa* (-1) 
T(x,y) = 2, 



n+1 



• sin 



n 



n=l 





sinh 


n^-y 


n;rx 




a 


a 


sinh 










a 



PROBLEM 4.5 

KNOWN: Boundary conditions on four sides of a rectangular plate. 

FIND: Temperature distribution. 

SCHEMATIC: 



Tr 



W 



0 



0 



"Ti 



-> x 



Ti 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 

ANALYSIS: This problem differs from the one solved in Section 4.2 only in the boundary 
condition at the top surface. Defining 8 = T - Too, the differential equation and boundary 
conditions are 



s 2 e 



dx z dy 1 



= 0 



9(0,y) = 0 9(L,y) = 0 8(x,0) = 0 k 



56 
dy 



y=W 



(la,b ; 



The solution is identical to that in Section 4.2 through Equation (4.1 1), 
. mix . njry 



C„sm smh 

T T 

n=l ^ ^ 



To determine C n , we now apply the top surface boundary condition, Equation (Id). 
Differentiating Equation (2) yields 



Continued. 



PROBLEM 4.5 (Cont.) 



56 
dy 



C n — sin cosh- 

y=W n=l L L L 



(3) 



Substituting this into Equation (Id) results in 



2>n si 



sm- 



nrcx 



(4) 



n=l 



where A n = C n (n7t/L)cosh(n7tW/L). The principles expressed in Equations (4.13) through (4.16) 
still apply, but now with reference to Equation (4) and Equation (4.14), we should choose 



f(x) = q"/k, g n (x) = sin 



nnx 



Equation (4.16) then becomes 



qi 

k 



A„ = 



r . rmx , 

sin — — dx 

J 

L 

r . 2 rmx 
sin — ^x 

J o L 



q s ff 2 (-l) n+1 + 1 
k 7i n 



Thus 



(-i) n+1 + 1 



k nVcosh(n7tW/L) 



(5) 



The solution is given by Equation (2) with C n defined by Equation (5). 



PROBLEM 4.6 



KNOWN: Uniform media of prescribed geometry. 



FIND: (a) Shape factor expressions from thermal resistance relations for the plane wall, cylindrical 
shell and spherical shell, (b) Shape factor expression for the isothermal sphere of diameter D buried in 
an infinite medium. 

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform properties. 

ANALYSIS: (a) The relationship between the shape factor and thermal resistance of a shape follows 
from their definitions in terms of heat rates and overall temperature differences. 

AT 

r7 



q=kSAT (4.20), q = — (3.19), S = l/kR t (4.21) 



Using the thermal resistance relations developed in Chapter 3, their corresponding shape factors are: 



Plane wall: 

Cylindrical shell: 
(L into the page) 

Spherical shell: 




R t = 




kA 

m ( r 2 / r i) 
2^-Lk 



S = 



S = 



2ttL_ 
lnr 2 /rj. 



R, 



4^-k 



1 1 



4;r 



Vty -l/r 2 



(b) The shape factor for the sphere of diameter D in an 
infinite medium can be derived using the alternative 
conduction analysis of Section 3.2. For this situation, q r is 
a constant and Fourier's law has the form 

q r =-k(4;rr 2 V dT 



I dr 

Separate variables, identify limits and integrate. 




q r 



f°o dr _ fT2 



4^-k 
q r = 4;rk 



v 

D 

2 



T] 

(Ti-T 2 ) 



dT 



q r 



4^-k 



r 




q r 


"o-A" 

D 


r 


D/2 


4xk 



= (T 2 -T!) 



or 



S = 2^-D. 



COMMENTS: Note that the result for the buried sphere, S = 2nD, can be obtained from the 
expression for the spherical shell with r 2 = oo. Also, the shape factor expression for the "isothermal 
sphere buried in a semi-infinite medium" presented in Table 4.1 provides the same result with z — > oo. 



PROBLEM 4.7 



KNOWN: Boundary conditions on four sides of a square plate. 

FIND: Expressions for shape factors associated with the maximum and average top surface 
temperatures. Values of these shape factors. The maximum and average temperatures for 
specified conditions. 

SCHEMATIC: 



W 



TV 



I— T, 



W 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 



ANALYSIS: We must first find the temperature distribution as in Problem 4.5. Problem 4.5 
differs from the problem solved in Section 4.2 only in the boundary condition at the top surface. 
Defining 8 = T - T TO the differential equation and boundary conditions are 



s 2 e s 2 e 



5x z 



dy 2 



0 



8(0,y) = 0 9(L,y) = 0 8(x,0) = 0 k 



36 
dy 



=qs 



y=W 



(la,b,c,d) 



The solution is identical to that in Section 4.2 through Equation (4.1 1), 
mix . nny 



9 = YC.sin smh — - 

^ T T 

n=l ^ ^ 



(2) 



To determine C n , we now apply the top surface boundary condition, Equation (Id). 
Differentiating Equation (2) yields 



56 
5y 



y=W 



"ZC.T 

n=l L 



nn . nnx , nnW 

sin cosh 

L L 



(3) 



Continued . 



PROBLEM 4.7 (Cont.) 



Substituting this into Equation (Id) results in 
mix 



K n=l 



sm- 



(4) 



where A n = C n (n7t/L)cosh(n7tW/L). The principles expressed in Equations (4.13) through (4.16) 
still apply, but now with reference to Equation (4) and Equation (4.14), we should choose 



f(x) = q"/k, g n (x) = sin 



mix 



Equation (4.16) then becomes 



A„ = 



» L 

Msin^dx 
kJ o L 



• . 2 nTtx 
sin 



dx 



q s "2 (-l) n+1 +l 
k 7i n 



Thus 



C„ = 



2 q;'L (-1)" +1 +1 
k n 2 7t 2 cosh(n7tW/L) 



(5) 



The solution is given by Equation (2) with C n defined by Equation (5). We now proceed to 
evaluate the shape factors. 

(a) The maximum top surface temperature occurs at the midpoint of that surface, x = W/2, y = W. 
From Equation (2) with L = W, 



9(W/2,W) = T 2 max - Tj = X c n sin — sinh n7t = Z C n (-l) (n " 1)/2 sinh mi 

n=l ^ n odd 



where 



c =2 _q s "w (-i) n+1 +i 



k n 2 7t 2 coshn7t 



Thus 



q ;'wd 



^C"2 ,raax " Tl) 



7Z^^(-l) (n - 1)/2 tanhn n 



d n^dd n 2 jc 2 



4 (4^2 

A 2-i 2 2 

d nodd n 71 



tanh nji 



< 



where d is the depth of the rectangle into the page. 



Continued. 



PROBLEM 4.7 (Cont.) 



(b) The average top surface temperature is given by 

go 1 riTix 00 If 

9(y = W) = T 2 - Tj = V C n — [sin dx sinh nn = V C n sinh mi 

w J w nn 



n-l W J 0 W 



n=l 



Thus 



- = q ;'wd 



2 " [(-l) n+1 + l][l-(-l) n ] , 
- £ ^-^ 3 JL 3 ' 1 tanh n;i 



n=l 



n 7i 



8^1 

— > - , tanh nn 



n-l 



nodd n n 



(c) Evaluating the expressions for the shape factors yields 



4 1 



(-1) 



(n-l)/2 



n odd H 2 7t 2 



-tanh nn 



2.70 



S 
d 



nodd n 71 



= 3.70 



The temperatures can then be found from 

q 



S k 

^max 



T 1 + i™= 0 °C 

S k 

^max 



1000 W/m z x Q.Ol m 
2.70 x 20 W/m-K 



= 0.19°C 



PROBLEM 4.8 



KNOWN: Shape of objects at surface of semi-infinite medium. 

FIND: Shape factors between object at temperature Ti and semi-infinite medium at temperature T 2 . 
SCHEMATIC: 





D 




(a) 



(b) 



(c) 



ASSUMPTIONS: (1) Steady-state, (2) Medium is semi-infinite, (3) Constant properties, (4) Surface 
of semi-infinite medium is adiabatic. 

ANALYSIS: Cases 12 -15 of Table 4.1 all pertain to objects buried in an infinite medium. Since they 
all possess symmetry about a horizontal plane that bisects the object, they are equivalent to the cases 
given in this problem for which the horizontal plane is adiabatic. In particular, the heat flux is the 
same for the cases of this problem as for the cases of Table 4.1. Note, that when we use Table 4.1 to 

determine the dimensionless conduction heat rate, q* s , we must be consistent and use the surface area 
of the "entire" object of Table 4. 1 , not the "half object of this problem. Then 

» = _9_ = ql k ( T i - T 2> 
\ L c 

where L c = ( A s /4tc) 1/2 and A s is the area given in Table 4. 1 



When we calculate the shape factors we must account for the fact that the surface areas and heat 
transfer rates for the objects of this problem are half as much as for the objects of Table 4.1. 



S = 



q" A s/ 2 _ qlA _ qL( 4 " A s) 



1/2 



k(T,-T 2 ) k(T t -T 2 ) 2L C 



where A s is still the area in table 4. 1 and the 2 in the denominator accounts for the area being halved. 
Thus, finally, 

s= q : s (7iA s ) i/2 



(a) S = 1-(tc-7cD 2 ) 1/2 =7tD 



(b) 



S = 



2^2 



71 •- 



7[D 



2\ 



1/2 



= 2D 



< 
< 



This agrees with Table 4.1a, Case 10. 

(c) S = 0.932(7i • 2D 2 ) 1/2 = V27t (0.932)D = 2.34D 



(d) The height of the "whole object" is d = 2D. Thus 

,-il/2 , 



S = 0.961 



7t(2D 2 +4D-2D) 



/107t(0.961)D = 5.39D 



PROBLEM 4.9 

KNOWN: Heat generation in a buried spherical container. 

FIND: (a) Outer surface temperature of the container, (b) Representative isotherms and heat 
flow lines. 

SCHEMATIC: 

Soil & „ , h 




ASSUMPTIONS: (1) Steady-state conditions, (2) Soil is a homogeneous medium with 
constant properties. 

PROPERTIES: Table A-3, Soil (300K): k = 0.52 W/m-K. 

ANALYSIS: (a) From an energy balance on the container, q = E g and from the first entry in 
Table 4.1, 

2^-D 



l-D/4z 

Hence, 



k(Ti-T 2 ). 



q l-D/4z = 2Q Q C+ 500W l-2m/40m = ^ < 
k 2ttD 0 52 2n(2m) 

m-K 

(b) The isotherms may be viewed as spherical surfaces whose center moves downward with 
increasing radius. The surface of the soil is an isotherm for which the center is at z = oo. 



PROBLEM 4.10 



KNOWN: Temperature, diameter and burial depth of an insulated pipe. 

FIND: Heat loss per unit length of pipe. 

SCHEMATIC: 

I Soil rSSy^-'- ■ 

1 js5t^* =a5m 




Cellular glass insulation 

Oil, r^izox—^W^-^ 0 - 77 " 

ASSUMPTIONS: (1) Steady- state conditions, (2) One-dimensional conduction through 
insulation, two-dimensional through soil, (3) Constant properties, (4) Negligible oil 
convection and pipe wall conduction resistances. 

PROPERTIES: Table A-3, Soil (300K): k = 0.52 W/m-K; Table A-3, Cellular glass (365K): 
k = 0.069 W/m-K. 

ANALYSIS: The heat rate can be expressed as 
Ti-T 2 



q = 



R tot 



where the thermal resistance is R tot = Rj ns + R so ii. From Equation 3.28, 
tn(D 2 /T>i)_ ^n(0.7m/0.5m) _ 0.776m -K/W 



Rins _ 



2n Lk ins In L x 0.069 W/m • K L 



From Equation 4.21 and Table 4.1, 

1 cosh" 1 (2z/D 2 ) cosh" 1 (3/0.7) 0.653 

Rsoil= = " — = 7 " L — = ^^m-¥JW. 

Sk soil 2 ^ Lk soil 2;r x (0.52 W/m-K) L L 

Hence, 

(120-0)° C W 
q = - ^ >- - = 84 — xL 

-(0.776 + 0.653)— m 

q' = q/L = 84 W/m. < 

COMMENTS: (1) Contributions of the soil and insulation to the total resistance are 
approximately the same. The heat loss may be reduced by burying the pipe deeper or adding 
more insulation. 

(2) The convection resistance associated with the oil flow through the pipe may be significant, 
in which case the foregoing result would overestimate the heat loss. A calculation of this 
resistance may be based on results presented in Chapter 8. 

(3) Since z > 3D/2, the shape factor for the soil can also be evaluated from S = ItiLI In (4z/D) 
of Table 4.1, and an equivalent result is obtained. 



PROBLEM 4.11 



KNOWN: Operating conditions of a buried superconducting cable. 

FIND: Required cooling load. 

SCHEMATIC: 



J 



1^=30QK 





-Insulation. ki^O.QOSWjm'K. 
£ 0 =aZm ) I);=aim 

Liquid m'irog€T? ) 
Cable 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Two-dimensional 
conduction in soil, (4) One-dimensional conduction in insulation, (5) Pipe inner surface is at 
liquid nitrogen temperature. 

ANALYSIS: The heat rate per unit length is 



q = 



T -T 
Rg+Ri 



T -T 



k g (2;r/ln(4z/D 0 ))] +ln(D 0 /Dj)/2^ kj 

where Tables 3.3 and 4.1 have been used to evaluate the insulation and ground resistances, 
respectively. Hence, 

(300-77)K 

q = =1 

[(1 .2 W/m • K) [in I In (8/0.2))] + In (2) / In x 0.005 W/m • K 

,_ 223 K 

q ~ (0.489+22.064) m-K7W 

q' = 9.9 W/m. < 

COMMENTS: The heat gain is small and the dominant contribution to the thermal 
resistance is made by the insulation. 



PROBLEM 4.12 



KNOWN: Electrical heater of cylindrical shape inserted into a hole drilled normal to the 
surface of a large block of material with prescribed thermal conductivity. 

FIND: Temperature reached when heater dissipates 50 W with the block at 25°C. 

SCHEMATIC: 




T 2 ,Z5°C 
Electrical heater 9 ~50W 



ASSUMPTIONS: (1) Steady-state conditions, (2) Block approximates semi-infinite medium 
with constant properties, (3) Negligible heat loss to surroundings above block surface, (4) 

Heater can be approximated as isothermal at Tj. 

ANALYSIS: The temperature of the heater surface follows from the rate equation written as 
Ti = T 2 + q/kS 

where S can be estimated from the conduction shape factor given in Table 4. 1 for a "vertical 
cylinder in a semi-infinite medium," 

S = 2^-L/^n(4L/D). 

Substituting numerical values, find 

"4x0.1m 
0.005m 

The temperature of the heater is then 

Ti = 25°C + 50 W/(5 W/m-K x 0. 143m) = 94.9°C. < 

COMMENTS: (1) Note that the heater has L » D, which is a requirement of the shape 
factor expression. 

(2) Our calculation presumes there is negligible thermal contact resistance between the heater 
and the medium. In practice, this would not be the case unless a conducting paste were used. 

(3) Since L » D, assumption (3) is reasonable. 

(4) This configuration has been used to determine the thermal conductivity of materials from 
measurement of q and T\. 



S = 27rx0.1m/£n 



= 0.143m. 



PROBLEM 4.13 



KNOWN: Surface temperatures of two parallel pipe lines buried in soil. 
FIND: Heat transfer per unit length between the pipe lines. 
SCHEMATIC: 



■D x -100mm 




ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) 
Constant properties, (4) Pipe lines are buried very deeply, approximating burial in an infinite 

medium, (5) Pipe length » Dj or D 2 and w > D{ or D 2 . 

ANALYSIS: The heat transfer rate per unit length from the hot pipe to the cool pipe is 

q'-H*(Ti-T 2 ). 
The shape factor S for this configuration is given in Table 4.1 as 

s=— 2 * L 



cosh 



-1 



4w 2 -D 2 -D 2 



2D!D 2 

Substituting numerical values, 



S „ , , -1 
— = In /cosh 

L 



4 x (0.5m) 2 -(0.1m) 2 -(0.075m) 2 



2 xO.lmx 0.075m 



= 2^-/cosh" 1 (65.63) 



= 2^-/4.88 = 1.29. 



Hence, the heat rate per unit length is 

q' = 1 .29 x 0.5W/m • K (175 - 5)° C = 1 10 W/m. < 

COMMENTS: The heat gain to the cooler pipe line will be larger than 110 W/m if the soil 
temperature is greater than 5°C. How would you estimate the heat gain if the soil were at 
25°C? 



PROBLEM 4.14 



KNOWN: Tube embedded in the center plane of a concrete slab. 

FIND: The shape factor and heat transfer rate per unit length using the appropriate tabulated relation, 



SCHEMATIC: 



Concrete 



Z=20°C 




ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) Constant 
properties, (4) Concrete slab infinitely long in horizontal plane, L » z. 

PROPERTIES: Table A-3, Concrete, stone mix (300K): k=1.4W/m-K. 

ANALYSIS: If we relax the restriction that z » D/2, the embedded tube-slab system corresponds to 
the fifth case of Table 4. 1. Hence, 



S = 



2xL 



£n(Sz/;r D) 

where L is the length of the system normal to the page, z is the half-thickness of the slab and D is the 
diameter of the tube. Substituting numerical values, find 

S = 2^L/^n(8x50mm/^50mm) = 6.72L. 
Hence, the heat rate per unit length is 

q' = 1 = _k(Ti -T 2 ) = 6.72x1.4-^(85-20)° C = 612 W. 
L L m • K 



PROBLEM 4.15 



KNOWN: Dimensions and boundary temperatures of a steam pipe embedded in a concrete 
casing. 

FIND: Heat loss per unit length. 
SCHEMATIC: 



Concrete 




—7^ = 300/C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible steam side convection 
resistance, pipe wall resistance and contact resistance (T^ = 450K), (3) Constant properties. 

PROPERTIES: Table A-3, Concrete (300K): k = 1.4 W/m-K. 
ANALYSIS: The heat rate can be expressed as 

q = SkAT 1 _2=Sk(T 1 -T 2 ) 

From Table 4.1, the shape factor is 

s = - 2 " L 



in 



1.08 w 
D 



Hence, 



L 



2^k(T!-T 2 ) 



in 



1.08 w 
D 



,_ 2;rxl.4W/m-Kx (450-300) K 



in 



1.08 x 1.5m 
0.5m 



122 W/m. 



COMMENTS: Having neglected the steam side convection resistance, the pipe wall 
resistance, and the contact resistance, the foregoing result overestimates the actual heat loss. 



PROBLEM 4.16 



KNOWN: Thin-walled copper tube enclosed by an eccentric cylindrical shell; intervening space 
filled with insulation. 



FIND: Heat loss per unit length of tube; compare result with that of a concentric tube-shell 
arrangement. 



SCHEMATIC: 




Insulation 
k = 0.05WfmK 



^=85"C, copper tube 
m 

T Z =35"C, shell 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Thermal resistances of 
copper tube wall and outer shell wall are negligible, (4) Two-dimensional conduction in insulation. 

ANALYSIS: The heat loss per unit length written in terms of the shape factor S is 
q' = k(S/^)(Ti — T2) and from Table 4.1 for this geometry, 



S „ , , -1 
— = 2^- /cosh 

£ 



D 2 +d 2 -4z 2 
2Dd 



Substituting numerical values, all dimensions in mm, 



— = 2n /cosh" 1 



120 2 +30 -4(20)' 
2x120x30 



= 2^-/cosh" 1 (1.903) = 4.991. 



Hence, the heat loss is 

q' = 0.05W/m • K x 4.991(85-35)° C = 12.5 W/m. 

If the copper tube were concentric with 
the shell, but all other conditions were 
the same, the heat loss would be 



q c = 



2^k(Ti-T 2 ) 
MD 2 /Di) 




using Eq. 3.27. Substituting numerical 
values, 

qc =2^x0.05^^(85-35)° C/£n( 120 / 30 j 
q c =11.3 W/m. 

COMMENTS: As expected, the heat loss with the eccentric arrangement is larger than that for the 
concentric arrangement. The effect of the eccentricity is to increase the heat loss by (12.5 - 1 1.3)/1 1.3 
* 11%. 



PROBLEM 4.17 



KNOWN: Cubical furnace, 350 mm external dimensions, with 50 mm thick walls. 
FIND: The heat loss, q(W). 



SCHEMATIC: 



|<— 0.55m -» 



Cross- seciionai 




*L = 50mm 
v/ew YAsr.Lr\r\ 0 rVX T „ Dr 

2 = 75 C 

F/rec/ay brick 

ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) 
Constant properties. 

PROPERTIES: Table A-3, Fireclay brick (f = (T 1 +T2)/2 = 610K): k « 1.1 W/m-K. 
ANALYSIS: Using relations for the shape factor from Table 4.1, 



Plane Walls ( 6) 



s w = r = 



A 0.25x0.25m z 



= 1.25m 



0.05m 

Edges (12) S E =0.54D = 0.54 x 0.25m = 0.14m 

Comers (8) S c =0.15L = 0.15 x 0.05m = 0.008m. 

The heat rate in terms of the shape factors is 

q = kS(T 1 -T 2 ) = k(6S w+ 12S E +8S c ) (Ti-T 2 ) 
W 

q = 1.1 — (6xl.25m+12x0.14m+8x0.008m) (600-75) C 

q = 5.30kW. 

COMMENTS: Note that the restrictions for Sg and Sc have been met. 



PROBLEM 4.18 



KNOWN: Power, size and shape of laser beam. Material properties. 



FIND: Maximum surface temperature for a Gaussian beam, maximum temperature for a flat 
beam, and average temperature for a flat beam. 



SCHEMATIC: 



Flat 




T 2 = 25°C 
k = 27 W/m-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Semi-infinite medium, 
(4) Negligible heat loss from the top surface. 



ANALYSIS: The shape factor is defined in Eq. 4.20 and is q = SkAT^ 

From the problem statement and Section 4.3, the shape factors for the three cases are: 



(1) 



Beam Shape 


Shape Factor 




Gaussian 


2^r b 


T 1 ,max 


Flat 


7rr b 


T 1 ,max 


Flat 


37T 2 r b /8 


Tl 5 avg 



For the Gaussian beam, Sj = 2-fn. x 0.1 x 10" 3 m = 354 x 10" 6 m 

Forthe flat beam (max. temperature), S 2 = n x 0.1 x 10" 3 m = 314x 10" 6 m 

For the flat beam (avg. temperature), S 3 = (3/8) xu 2 x 0.1 x 10" 3 m= 370 x 10" 6 m 
The temperature at the heated surface for the three cases is evaluated from Eq. (1) as 

Tj = T 2 + q/Sk = T 2 + Pa/Sk 
For the Gaussian beam, T l max = 25°C + 1 W x 0.45 / (354 x 10" 6 m x 27 W/m • K) = 72. 1°C < 
For the flat beam (T max ), T l max = 25°C + 1 W x 0.45 / (3 14 x 10" 6 m x 27 W/m • K) = 78.1°C < 
For the flat beam (T avg ), T l avg = 25°C + 1 W x 0.45 / (370 x 10" 6 m x 27 W/m • K) = 70.0°C < 

COMMENTS: (1) The maximum temperature occurs at r = 0 for all cases. For the flat beam, the 
maximum temperature exceeds the average temperature by 78.1 - 70.0 = 8.1 degrees Celsius. 



PROBLEM 4.19 



KNOWN: Relation between maximum material temperature and its location, and scanning 
velocities. 

FIND: (a) Required laser power to achieve a desired operating temperature for given material, 
beam size and velocity, (b) Lag distance separating the center of the beam and the location of 
maximum temperature, (c) Plot of the required laser power for velocities in the range 0 < U < 2 
m/s. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Semi-infinite medium, 
(4) Negligible heat loss from the top surface. 

ANALYSIS: The thermal diffusivity of the materials is 

a= k/pc = 27 W/m • K / (2000 kg/m 3 • 800 J/kg • K) = 1 6.9 x 1 0" 6 m 2 /s 

(a) The Peclet number is 

Pe = Ur b /V2a = 2m/s x 0.0001 m/(V2 x 16.9 x 10" 6 m 2 /s) = 8.38 

Since this value of the Peclet number is within the range of the correlation provided in the 
problem statement, the maximum temperature corresponding to a stationary beam delivering the 
same power would be 



SCHEMATIC: 




Ti, max ,i>o - (1 + 0.301Pe - 0.0108Pe 2 ) (T 1>maxU ^ 0 - T 2 ) + T 2 

= (1 + 0.301 x 8.37 - 0.0108 x 8.37 2 ) x (200 - 25)°C + 25°C 
= 509°C. 



From Eq. 4.20 and Problem 4.18 we know that (with the symbol d now representing the 
absorptivity, since a is used for thermal diffusivity) 

Continued. 



PROBLEM 4.19 (Cont.) 



P = SkATj.2 / a = 2Vjtr b kAT 1 . 2 /d= 2 J* * 0.0001 m x 27 W/m • K x (509 - 25)°C / 0.45 
= 10.3 W 



(b) The lag distance is 

8 = 0.944 *Pe 155 = 0.944 x 169 * 10 "° m ' /s x 8.37 155 = 0.21 mm 



U 



y^2 

2m/s 



(c) The plot of the required laser power versus scanning velocity is shown below. 



Laser Power vs Scanning Velocity 



0- 




COMMENTS: (1) The required laser power increases as the scanning velocity increases since 
more material must be heated at higher scanning velocities. (2) The relative motion between the 
laser beam and the heated material represents an advection process. Advective effects will be 
dealt with extensively in Chapters 6 through 9. 



PROBLEM 4.20 



KNOWN: Dimensions, thermal conductivity and inner surface temperature of furnace wall. Ambient 
conditions. 



FIND: Heat loss. 
SCHEMATIC: 



Brick x 
(k=1AW/m-K) 

L = 0.35 m - 












T sj = 1100°C 











h = 5W/m 2 -K 
T = 25°C 




R conv T °° 



ASSUMPTIONS: (1) Steady-state, (2) Uniform convection coefficient over entire outer surface of 
container, (3) Negligible radiation losses. 

ANALYSIS: From the thermal circuit, the heat loss is 

T ■ -T 

x s,i A co 

q = ' 

R cond(2D) + R conv 

where R conv = l/hA s , 0 = l/6(hW 2 ) = l/6[5 W/m 2 -K(5 m) 2 ] = 0.00133 KAV. From Equation (4.21), the two- 
dimensional conduction resistance is 



R 



1 



cond(2D) — 

where the shape factor S must include the effects of conduction through the 8 corners, 12 edges and 6 
plane walls. Hence, using the relations for Cases 8 and 9 of Table 4.1, 

S = 8(0.15L) + 12x0.54(W-2L) + 6A S)i /L 

where A Sji = (W - 2L) 2 . Hence, 

S = [8(0.15x0.35) + 12x0.54(4.30) + 6(52.83)]m 

S = (0.42 + 27.86 + 3 16.98) m = 345.26m 
and R CO nd(2D) = 1/(345.26 m x 1.4 W/m-K) = 0.00207 KAV. Hence 
(1100-25)°C 



(0.00207+ 0.00133) K/W 



316kW 



COMMENTS: The heat loss is extremely large and measures should be taken to insulate the furnace. 
Radiation losses may be significant, leading to larger heat losses. 



PROBLEM 4.21 



KNOWN: Platen heated by passage of hot fluid in poor thermal contact with cover plates 
exposed to cooler ambient air. 

FIND: (a) Heat rate per unit thickness from each channel, q[, (b) Surface temperature of 
cover plate, T s , (c) q[ and T s if lower surface is perfectly insulated, (d) Effect of changing 
centerline spacing on and T s 

SCHEMATIC: 



L o =60 mm 



Cover pi&te l B 
Plate lA — 



Contact resistance 1 T^mrmvnY^rTmm 



D=l 5 mm 
L^=30 mm Lg=7.5 mm 

hi=1000 W/m 2 K 



h o =200W/m K 



Ti=150°C 
Too=25°C 
k A =20 W/m-K k B =75 W/m-K 
R 



l t,c 



2.0 xlCfV^K/W S' = 4.25 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction in platen, 
but one-dimensional in coverplate, (3) Temperature of interfaces between A and B is uniform, 
(4) Constant properties. 

ANALYSIS: (a) The heat rate per unit thickness from each channel can be determined from 
the following thermal circuit representing the quarter section shown. 



%}4 



X 



A 



hifrfty) k A S 



L 0 fZ 



k £ (Ljz) h 0 (Ljl) ^7 ' + 



The value for the shape factor for the quarter section is S' = 4.25 / 4 = 1 .06. Hence, the heat 
rate is 

qi=4(Ti-T 00 )/R , to t (1) 

Rtot = [1/1000 W/m 2 -K(;r0.015m/4) + l/20W/m-Kxl.06 

+ 2.0xl0" 4 m 2 •KAV/(0.060m/2) + 0.0075m/75 W/m- K(0.060m/2) 
+ 1/200 W/m 2 -K(0.060m/2)] 

R^t = [0.085 + 0.047 + 0.0067 + 0.0033 + 0. 1667] m • K/W 
R' tot =0.309 m-K/W 

qf =4(l50-25)K/0.309m-K/W = 1.62kW/m. < 
(b) The surface temperature of the cover plate also follows from the thermal circuit as 



T -T 
q[/4= s 00 



l/h 0 (L 0 /2) 



(2) 



Continued 



PROBLEM 4.21 (Cont.) 



T S =T 00 +^- - r = 25°C+ L62kW x().167 m-K/W 



4 h 0 (L 0 /2) 

T s =25°C + 67.6 0 C«93°C. < 

(c) The effect of the centerline spacing on q[ and T s can be understood by examining the 
relative magnitudes of the thermal resistances. The dominant resistance is that due to the 
ambient air convection process which is inversely related to the spacing L D . Hence, from 
Equation (1), the heat rate will increase nearly linearly with an increase in L G , 

^ Ri ot ~l/h 0 (L 0 /2) °" 
From Eq. (2), find 

AT = T s - ^ = — — A r ~ qi • Lo ~ L G ■ * 1 . 

4 h 0 (L 0 /2) 10 00 

Hence we conclude that AT will not increase with a change in L Q . Does this seem 

reasonable? What effect does L 0 have on Assumptions (2) and (3)? 

If the lower surface were insulated, the heat rate would be decreased nearly by half. This 
follows again from the fact that the overall resistance is dominated by the surface convection 

process. The temperature difference, T s - T^, would only increase slightly. 



PROBLEM 4.22 



KNOWN: Long constantan wire butt-welded to a large copper block forming a thermocouple junction 
on the surface of the block. 

FIND: (a) The measurement error (Tj - T Q ) for the thermocouple for prescribed conditions, and (b) 
Compute and plot (Tj - T 0 ) for h = 5, 10 and 25 W/m 2 -K for block thermal conductivity 15 < k < 400 
W/m-K. When is it advantageous to use smaller diameter wire? 



SCHEMATIC: 



7^=25 °C 
h = 10 W/m 2 K 




44 



Thermocouple wire, D = 1 mm, 




^block 



copper block 

* - | - 

ASSUMPTIONS: (1) Steady-state conditions, (2) Thermocouple wire behaves as a fin with constant 
heat transfer coefficient, (3) Copper block has uniform temperature, except in the vicinity of the junction. 

PROPERTIES: Table A-l, Copper (pure, 400 K), k b = 393 W/m-K; Constantan (350 K), k t * 25 W/m-K. 

ANALYSIS: The thermocouple wire behaves as a long fin permitting heat to flow from the surface 
thereby depressing the sensing junction temperature below that of the block T Q . In the block, heat flows 
into the circular region of the wire-block interface; the thermal resistance to heat flow within the block is 
approximated as a disk of diameter D on a semi-infinite medium (k b , T Q ). The thermocouple-block 
combination can be represented by a thermal circuit as shown above. The thermal resistance of the fin 
follows from the heat rate expression for an infinite fin, R fin = (hPk t A c )" 1/2 . 

From Table 4.1, the shape factor for the disk-on-a-semi-infinite medium is given as S = 2D and hence 
R block = l/k b S = l/2k b D. From the thermal circuit, 

R block <- ~ ^ 111 



R fin + R 



block 



"(T 0 -Too) = 



1273 + 1.27 



(125 - 25)° C » 0.001(125 - 25)° C = 0. 1°C .< 



with P = 7tD and A c = 7tD /4 and the thermal resistances as 



Rfin = 



n-1/2 



10w/m 2 -K(^-/4)25W/m-Kx|lxlO 3 mJ =1273K/W 



R block =(l/2)x393W/m-KxlO 3 m = 1.27K/W. 
(b) We keyed the above equations into the IHT workspace, performed a sweep on k b for selected values 
of h and created the plot shown. When the block thermal conductivity is low, the error (T 0 - Tj) is larger, 
increasing with increasing convection coefficient. A smaller diameter wire will be advantageous for low 
values of k b and higher values of h. 



5 




100 200 300 

Block thermal conductivity, kb (W/m.K) 



h = 25 W/m A 2.K; D = 1 mm 
h = 10 W/m"2.K; D = 1mm 
h = 5 W/m"2.K; D= 1mm 
h = 25 W/m"2.K; D = 5 mm 



PROBLEM 4.23 



KNOWN: Dimensions, shape factor, and thermal conductivity of square rod with drilled interior hole. 
Interior and exterior convection conditions. 

FIND: Heat rate and surface temperatures. 

SCHEMATIC: 

S = 8.59 m, k = 150W/m-K 



(Air 

h 2 = 4 W/m 2 • K 
7V,, = 25 °C 



/7 1 = 50 W/m 2 • K 
7^ 1 = 300 °C 



w= 1 m 



7"oo.1 



7"- ,2 



^conv, 1 ^cond (2D) 



R, 



conv, 2 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) Uniform 
convection coefficients at inner and outer surfaces. 

ANALYSIS: The heat loss can be expressed as 
Tqo,1 — *cc,2 



q = 



R conv,l + R cond(2D) + R conv,2 



where 



R conv,l =( h l^ D l L ) =^50W/m z -Kx^x0.25mx2mj =0.01273K/W 
R cond(2D) =(Sk) _1 =(8.59mx 150 W/m- K)" 1 =0.00078 K/W 



Hence, 



R conv,2 =(h 2 x4wL) =^4W/m z ■Kx4mxlm) =0.0625K/W 

(300- 25)° C 

q = ^ — = 3.62kW 

0.076 K/W 

Tj =T 00)1 -qR conV)1 =300°C-46°C = 254°C 
T 2 = Too,2 + q R conv,2 = 25°C + 226°C = 251°C 



< 
< 



COMMENTS: The largest resistance is associated with convection at the outer surface, and the 
conduction resistance is much smaller than both convection resistances. Hence, (T 2 - T^) > (T^j - Ti) 
» (T, - T 2 ). 



PROBLEM 4.24 



KNOWN: Long fin of aluminum alloy with prescribed convection coefficient attached to different base 
materials (aluminum alloy or stainless steel) with and without thermal contact resistance R'^ j at the 

junction. 

FIND: (a) Heat rate q f and junction temperature Tj for base materials of aluminum and stainless steel, (b) 
Repeat calculations considering thermal contact resistance, R£ j , and (c) Plot as a function of h for the 

range 10 < h < 1000 W/m 2 -K for each base material. 



SCHEMATIC: 



T, 




Base material, T b = 100 °C D = 1 mm 



R" tJ = 3x 10" 5 m 2 K/W, 
Part (b) 




T, 



T. 



R b R f 



T. 



(a) 



Too 



R. 



R tJ R f 



(b) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Infinite fin. 
PROPERTIES: (Given) Aluminum alloy, k = 240 W/m-K, Stainless steel, k = 15 W/m-K. 
ANALYSIS: (a,b) From the thermal circuits, the heat rate and junction temperature are 



Qf 



Tb-X 



Tb-X 



R 



tot 



R b +R tJ +R f 



(1) 



Tj =T 00 +q f R f 
and, with P = %D and A c = %D 2 /4, from Tables 4.1 and 3.4 find 
R b =1/Sk b =l/(2Dk b ) = (2x0.005mxk b ) _1 



R t; j=Rtj/A c =3xl0" 5 m 2 -K/W/ ^-(0.005m) z /4 



T.528K/W 



R f =(hPkA c y 



-1/2 



50 W/m 2 • K n 1 (0.005 m) 3 240 W/m • K A 



-111 



(2) 



= 16.4K/W 



Without Rjj 



With Rg 



Base 
Al alloy 
St. steel 



Rb(KAV) 
0.417 
6.667 



q f (W) 
4.46 
3.26 



Tj (°C) 

98.2 
78.4 



q f (W) 
4.09 
3.05 



Tj (°C) 
92.1 
75.1 



(c) We used the 1HT Model for Extended Surfaces, Performance Calculations, Rectangular Pin Fin to 
calculate q f for 10 < h < 100 W/m 2 -K by replacing Rj-' c (thermal resistance at fin base) by the sum of the 

contact and spreading resistances, R'| j + R b . 

Continued.. 



PROBLEM 4.24 (Cont.) 




COMMENTS: (1) From part (a), the aluminum alloy base material has negligible effect on the fin heat 
rate and depresses the base temperature by only 2°C. The effect of the stainless steel base material is 
substantial, reducing the heat rate by 27% and depressing the junction temperature by 25°C. 

(2) The contact resistance reduces the heat rate and increases the temperature depression relatively more 
with the aluminum alloy base. 

(3) From the plot of q f vs. h, note that at low values of h, the heat rates are nearly the same for both 
materials since the fin is the dominant resistance. As h increases, the effect of becomes more 
important. 



PROBLEM 4.25 



KNOWN: Igloo constructed in hemispheric shape sits on ice cap; igloo wall thickness and inside/outside 
convection coefficients (h ; , h D ) are prescribed. 

FIND: (a) Inside air temperature { when outside air temperature is 0 = -40°C assuming occupants 

provide 320 W within igloo, (b) Perform parameter sensitivity analysis to determine which variables have 
significant effect on T ; . 



SCHEMATIC: 



-40 °C 
h= 15 W/m 2 



r = 1.8 m 



r 0 = 2.3 m 





Ice cap, T: = -20 °C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Convection coefficient is the same on floor and 
ceiling of igloo, (3) Floor and ceiling are at uniform temperatures, (4) Floor-ice cap resembles disk on 
semi-infinite medium, (5) One-dimensional conduction through igloo walls. 

PROPERTIES: Ice and compacted snow (given): k = 0.15W/m-K. 

ANALYSIS: (a) The thermal circuit representing the heat loss from the igloo to the outside air and 
through the floor to the ice cap is shown above. The heat loss is 



T -T 

A 00,l A oo,o 



T • -T 



R cv,c +R wall +R 



Convection, ceiling: R 



cv,o "-cv,f 
2 



R 



cap 



cv,c 



Convection, outside: R 



hj(4^ri j 6W/m z -Kx4^(l.8m) z 
2 2 



= 0.008 19 K/W 



cv,o 



h„ 4nd 



Convection, floor: R 



15W/m -Kx4^(2.3m) 
1 



0.00201 K/W 



cv,f 



h i OT i 



Conduction, wall: R 



wall 



= 2 



1 


f \ 
















= 2 


4^-k 


V r i 









6W/m -Kxff(l.8my 
1 



0.01637 K/W 



Conduction, ice cap: R 



4^x0.15W/m-K 
1 



(—- — 
v 1.8 2.3 



m 



= 0.1281 K/W 



cap 



kS 4kri 4x0.15W/m-Kxl.8m 



= 0.9259 K/W 



where S was determined from the shape factor of Table 4.1. Hence, 



q = 320W 



Too,i-(-40)°C 



^-(-20)°C 



(0.00819 + 0.1281 + 0.0020l)K/W (0.01637 + 0.9259) K/W 
320 W = 7.231(^1 +40) + 1.06(^3 +20) T^j = 1.2°C. 



Continued. 



PROBLEM 4.25 (Cont.) 

(b) Begin the parameter sensitivity analysis to determine important variables which have a significant 
influence on the inside air temperature by examining the thermal resistances associated with the processes 
present in the system and represented by the network. 



Process Symbols Value (K/W) 



Convection, outside 


^cv,o 


R21 


0.0020 


Conduction, wall 


Rwall 


R32 


0.1281 


Convection, ceiling 


Rcv,c 


R43 


0.0082 


Convection, floor 


Rcv.f 


R54 


0.0164 


Conduction, ice cap 


Reap 


R65 


0.9259 



It follows that the convection resistances are negligible relative to the conduction resistance across the 
igloo wall. As such, only changes to the wall thickness will have an appreciable effect on the inside air 
temperature relative to the outside ambient air conditions. We don't want to make the igloo walls thinner 
and thereby allow the air temperature to dip below freezing for the prescribed environmental conditions. 

Using the IHT Thermal Resistance Network Model, we used the circuit builder to construct the network 
and perform the energy balances to obtain the inside air temperature as a function of the outside 
convection coefficient for selected increased thicknesses of the wall. 

25 -i 1 1 1 1 1 1 1 1 1 1 



15 



10 

5 



0 -| 1 I | I | I | I - 

0 20 40 60 80 100 

Outside coefficient, ho (W/m A 2.K) 

Wall thickness, (ro-ri) = 0.5 m 

— © — (ro-ri) = 0.75 m 
— A — (ro-ri) = 1.0 m 



COMMENTS: (1) From the plot, we can see that the influence of the outside air velocity which controls 
the outside convection coefficient h Q is negligible. 

(2) The thickness of the igloo wall is the dominant thermal resistance controlling the inside air 
temperature. 



PROBLEM 4.26 



KNOWN: Chip dimensions, contact resistance and substrate material. 
FIND: Maximum allowable chip power dissipation. 
SCHEMATIC: 

Copper substrate 
(T 2 = 25°C;k = 400 W/m-K) 




'Chip (T C = 85°C) 

" R t ' c = 5 x 10 6 m 2 -K/W 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible heat 
transfer from back of chip, (4) Uniform chip temperature, (5) Infinitely large substrate, (6) 
Negligible heat loss from the exposed surface of the substrate. 

PROPERTIES: Table A.l, copper (25 °C): k = 400 W/m-K. 

ANALYSIS: For the prescribed system, a thermal circuit may be drawn so that 



T c A A A AAA T 





2 



Ti 

^t.c ^t.sub 
where Ti is the temperature of the substrate adjacent to the top of the chip. For an infinitely thin 

square object in an infinite medium we may apply Case 14 of Table 4.1 (q ss = 0.932) resulting in 

q = qL kA s( T i -W L c 
where L c = (A s /4ti) 1/2 ; A s = 2W C 2 

Recognizing that the bottom surfaces of the chip and substrate are insulated, the heat loss to the 
substrate may be determined by combining the preceding equations and dividing by 2 (to account 
for no heat losses from the bottom of the chip) resulting in 

q = (27i) 1/2 q : s W c k(T 1 - T 2 ) = — L_ (T, - T 2 ) 

K t,sub 

or R t sub = = 0.067 K/W 

(2jt) 1/2 x 0.932 x 0.0 1 6 m x 400 W/m • K 

The thermal contact resistance is 

Continued. . . 



PROBLEM 4.26 (Cont.) 




5 x 1Q- 6 m 2 -K/W 
(0.016 m) 2 



= 0.0195 K/W 



Therefore, the maximum allowable heat dissipation is 



(85 - 25)°C 



= 694W 



< 



(0.0195 + 0.067) K/W 



COMMENTS: (1) The copper block provides 694/276 = 2.5 times greater allowable heat 
dissipation relative to the heat sink of Problem 3.136. (2) Use of a large substrate would not be 
practical in many applications due to its size and weight. (3) The actual allowable heat dissipation 
is greater than calculated here because of additional heat losses from the bottom of the block and 
chip that are not accounted for in the solution. 



PROBLEM 4.27 



KNOWN: Disc-shaped electronic devices dissipating 100 W mounted to aluminum alloy block with 
prescribed contact resistance. 

FIND: (a) Temperature device will reach when block is at 27°C assuming all the power generated by the 
device is transferred by conduction to the block and (b) For the operating temperature found in part (a), 
the permissible operating power with a 30-pin fin heat sink. 



SCHEMATIC: 



(a) 




Electronic device 



R" fc = 5X10- 5 m 2 KAA/^ \j J D-20 mm, q - 100 W 

Aluminum 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Device is at uniform temperature, 
Ti, (3) Block behaves as semi-infinite medium. 

PROPERTIES: Table A.l, Aluminum alloy 2024 (300 K): k = 177 W/m-K. 

ANALYSIS: (a) The thermal circuit for the conduction heat flow between the device and the block 
shown in the above Schematic where R e is the thermal contact resistance due to the epoxy-filled interface, 



Re=Ri',c/A c =Ri',c/(^D 2 A) 

R e =5xl0" 5 K-mVw/^(0.020m) 2 j/4 = 0.159K/W 



The thermal resistance between the device and the block is given in terms of the conduction shape factor, 
Table 4. 1 , as 

R b =l/Sk = l/(2Dk) 

R b = l/( 2 x 0.020 m x 177 W/m • K) = 0. 14 1 K/W 
From the thermal circuit, 

T 1 =T 2 +q d (R b +R e ) 

Ti = 27°C + 100 W (0.141 + 0.159) K/W 

Ti = 27°C + 30°C = 57°C < 



(b) The schematic below shows the device with the 30-pin fin heat sink with fins and base material of 
copper (k = 400 W/m-K). The airstream temperature is 27°C and the convection coefficient is 1000 
W/m 2 -K. 



Continued. 



Device 



(b) 



PROBLEM 4.27 (Cont.) 

0 0 0 01^ 

HMJLDx 
I 




Pin fins (30), D =1.5 mm 
L = 15 mm 

- Copper, 5 mm 
thickness 



Epoxy 



V/n 



1CV 



The thermal circuit for this system has two paths for the device power: to the block by conduction, q cd , 
and to the ambient air by conduction to the fin array, q cv , 



Ti-T ( 



Ti-T 2 

qd =— — —+■ 

R b +R e R e +R c +R fin 
where the thermal resistance of the fin base material is 



R, 



U 



0.005 m 



k c A c 400W/m-K^0.02 2 /4|m 2 



0.03979 K/W 



and Rf in represents the thermal resistance of the fin array (see Section 3.6.5), 
R fin - R t,o - 



% hA t 

% =1-^L(1- W ) 



(3) 



(4) 



(5,3.103) 
(6,3.102) 



where the fin and prime surface area is 
A t = NAf +A b 



A t =N(;rD f L) + 



^-D 2 /4-n(^-D 2 /4 



(3.99) 



where A f is the fin surface area, D d is the device diameter and D f is the fin diameter. 

A t =30(^-x0.0015mx0.015m)+ ^(0.020m) 2 /4-3o|^(0.0015m) 2 /4 

A t = 0.00212 m 2 + 0.000261 1 m 2 = 0.00238 m 2 

Using the IHT Model, Extended Surfaces, Performance Calculations, Rectangular Pin Fin, find the fin 
efficiency as 

7 f = 0.6769 (7) 



Continued. 



PROBLEM 4.27 (Cont.) 



Substituting numerical values into Equation (6), find 

xl 

~2 



r?o = 1 ~ (1 " 0.6769 

0.00238 rri 



% =0.712 
and the fin array thermal resistance is 

Rfin = A 2 = °- 59 ° K/W 

0.712xl000W/m z -Kx0.00238m z 

Returning to Eq. (3), with T! = 57°C from part (a), the permissible heat rate is 

(57-27)°C (57-27)°C 
1d = , n ,\ 77^77^7 + 



(0. 141 + 0. 159) K/W (0. 159 + 0.03979 + 0.590) K/W 
q d =100W + 38W = 138W < 

COMMENTS: In calculating the fin efficiency, r| f , using the IHT Model it is not necessary to know the 
base temperature as r| f depends only upon geometric parameters, thermal conductivity and the convection 
coefficient. 



PROBLEM 4.28 



KNOWN: Dimensions and surface temperatures of a square channel. Number of chips mounted on 
outer surface and chip thermal contact resistance. 

FIND: Heat dissipation per chip and chip temperature. 
SCHEMATIC: 



Heat sink 

L = 0.160 m 



k = 240 W/m-K 



T-, = 20°C 
T 2 = 50°C 




Y 



Heat sink 

N = 120, q c ,T c 



R t>c = 0.2 K/W 



— w = 0.025 m 

— W = 0.040 m 



ASSUMPTIONS: (1) Steady state, (2) Approximately uniform channel inner and outer surface 
temperatures, (3) Two-dimensional conduction through channel wall (negligible end-wall effects), (4) 
Constant thermal conductivity. 

ANALYSIS: The total heat rate is determined by the two-dimensional conduction resistance of the 
channel wall, q = (T 2 - Ti)/R tjCOnd ( 2D ), with the resistance determined by using Equation 4.21 with Case 
11 of Table 4.1. For W/w = 1.6 > 1.4 



R 



t,cond(2D) 



0.930 In (W/w) -0.050 



0.387 



2n L k 



In (0.160m) 240 W/m-K 



= 0.00160 K/W 



The heat rate per chip is then 



q c = 



T 2 "Ti 



(50-20)°C 



= 156.3 W 



N R t ,cond(2D) 120(0.0016 K/W) 
and, with q c = (T c - T 2 )/R t ,c, the chip temperature is 

T c =T 2 + R t , c q c =50°C + (0.2 K/W)l56.3 W = 81.3°C < 

COMMENTS: (1) By acting to spread heat flow lines away from a chip, the channel wall provides 
an excellent heat sink for dissipating heat generated by the chip. However, recognize that, in practice, 
there will be temperature variations on the inner and outer surfaces of the channel, and if the 
prescribed values of Ti and T 2 represent minimum and maximum inner and outer surface temperatures, 
respectively, the rate is overestimated by the foregoing analysis. (2) The shape factor may also be 
determined by combining the expression for a plane wall with the result of Case 8 (Table 4.1). With 
S = [4(wL)/((W-w)/2)] + 4(0.54 L) = 2.479 m, R t , cond(2D) = l/(Sk) = 0.00168 K/W. 



PROBLEM 4.29 



KNOWN: Dimensions and thermal conductivity of concrete duct. Convection conditions of ambient 
air. Inlet temperature of water flow through the duct. 

FIND: (a) Heat loss per duct length near inlet, (b) Minimum allowable flow rate corresponding to 
maximum allowable temperature rise of water. 

SCHEMATIC: 

Concrete 
k = 1 .4 W/m-K 



Too = 0°C 
h = 25 W/m 2 -K 

Tl D = 0.15 m 

w = 0.30 m 



rfi, Tj = 90°C 
c p = 4207 J/kg-K 




r 



cond(2D) 



ASSUMPTIONS: (1) Steady state, (2) Negligible water-side convection resistance, pipe wall 
conduction resistance, and pipe/concrete contact resistance (temperature at inner surface of concrete 
corresponds to that of water), (3) Constant properties, (4) Negligible flow work and kinetic and 
potential energy changes. 

ANALYSIS: (a) From the thermal circuit, the heat loss per unit length near the entrance is 



T -T 



T -T 



R cond(2D) +R conv In (l.08w/D) | 1 

h(4w) 

where R C ond(2D) * s obtained by using the shape factor of Case 6 from Table 4.1 with Eq. (4.21). 
Hence, 

(90-0)°C 90°C 



ln(l.08x0.3m/0.15m) 



(0.0876 + 0.0333)K-m/W 



745 W/m 



2*(l.4W/m-K) 25W/m 2 -K(l.2m) 
(b)FromEq. (1.1 Id), with q = q'L and (T i -T 0 ) = 5°C, 
q'L q'L 745W/m(l00m) 



m 



Ui -u 0 c(Ti-T 0 ) 4207J/kg-K(5°C) 



3.54 kg/s 



COMMENTS: The small reduction in the temperature of the water as it flows from inlet to outlet 
induces a slight departure from two-dimensional conditions and a small reduction in the heat rate per 
unit length. A slightly conservative value (upper estimate) of rh is therefore obtained in part (b). 



PROBLEM 4.30 



KNOWN: Dimensions and thermal conductivities of a heater and a finned sleeve. Convection 
conditions on the sleeve surface. 

FIND: (a) Heat rate per unit length, (b) Generation rate and centerline temperature of heater, (c) 
Effect of fin parameters on heat rate. 

SCHEMATIC: 



Tqq = 50°C > 

h = 500W/m 2 -K > 

T s = 300°C r~ 
w = 40 mm 




N fins 

k s = 240 W/m-K 



— Heater 

I D = 20 mm 

k h = 400 W/m-K 



ASSUMPTIONS: (1) Steady state, (2) Constant properties, (3) Negligible contact resistance between 
heater and sleeve, (4) Uniform convection coefficient at outer surfaces of sleeve, (5) Uniform heat 
generation, (6) Negligible radiation. 



ANALYSIS: (a) From the thermal circuit, the desired heat rate is 
q' = 



T -T 
x s x oo 



T -T 



R cond(2D) +R 't,o R 'tot 
The two-dimensional conduction resistance, may be estimated from Eq. (4.21) and Case 6 of Table 4.2 



R 



1 _ln(l.08w/D)_ ln(2.16) 



cond(2D) s , k ^ 



2^(240W/m-K) 



5.11x10 ^m-K/W 



The thermal resistance of the fin array is given by Equation (3.103), where r| 0 and A t are given by 
Equations. (3. 102) and (3.99) and r| f is given by Equation (3.89). With L c = L + t/2 = 0.022 m, m = 
(2h/k s t) 1/2 = 32.3 m" 1 and mL c = 0.710, 

tanh mL r 0.61 

?jf = = = 0.86 

mL c 0.71 

AJ- = NAf +A b =N(2L + t) + (4w-Nt) = 0.704m + 0.096m = 0.800m 

1 NAf / v . 0.704m /A1 ,. 

n n =1 — ( 1 — /7f ) = 1 (0.14) = 0.88 

/0 A' t V U 0.800m V ' 

R t,o =( ? 7o hA t)" 1 =(0.88x500W/m 2 -Kx0.80mJ 1 = 2.84xlO" 3 m-K/W 
(300-50)°C 



5.11x10 4 +2.84xl0 3 |m-K/W 



= 74,600W/m 



Continued... 



PROBLEM 4.30 (Cont.) 



(b) Equation (3.55) may be used to determine q, if h is replaced by an overall coefficient based on the 
surface area of the heater. From Equation (3.32), 

U S A; =U s ^-D = (Rto t ) _1 =(3.35xl0" 3 m-K/wj 1 =298W/m-K 
U s =298 W7 m -K/(;rx 0.02m) = 4750 W7m 2 K 

q = 4U S (T s -Too)/D = 4(4750W/m 2 • k)(250°C)/ 0.02m = 2.38xl0 8 W/m 3 < 
From Equation (3.53) the centerline temperature is 

, . q(D/2) 2 2.38xl0 8 W/m 3 (0.01m) 2 

T(0) = -^ — + T S = ^- — ^- + 300°C = 315°C < 

w 4k h 4(400W/m-K) 

(c) Subject to the prescribed constraints, the following results have been obtained for parameter 
variations corresponding to 16 < N < 40, 2 < t < 8 mm and 20 < L < 40 mm. 



N 


t(mm) 


L(mm) 


m_ 


q'(W/m) 


16 


4 


20 


0.86 


74,400 


16 


8 


20 


0.91 


77,000 


28 


4 


20 


0.86 


107,900 


32 


3 


20 


0.83 


115,200 


40 


2 


20 


0.78 


127,800 


40 


2 


40 


0.51 


151,300 



Clearly there is little benefit to simply increasing t, since there is no change in AJ- and only a marginal 

increase in rfc . However, due to an attendant increase in AJ-, there is significant benefit to increasing 

N for fixed t (no change in T]f ) and additional benefit in concurrently increasing N while decreasing t. 

In this case the effect of increasing A' t exceeds that of decreasing T]f . The same is true for 

increasing L, although there is an upper limit at which diminishing returns would be reached. The 
upper limit to L could also be influenced by manufacturing constraints. 

COMMENTS: Without the sleeve, the heat rate would be q' = xDh (T s - ) = 7850 W / m, 
which is well below that achieved by using the increased surface area afforded by the sleeve. 



PROBLEM 4.31 



KNOWN: Dimensions of chip array. Conductivity of substrate. Convection conditions. Contact 
resistance. Expression for resistance of spreader plate. Maximum chip temperature. 

FIND: Maximum chip heat rate. 

SCHEMATIC: 



Air 

■ 

I5°C 
h = 100 W/m 2 -K 



Too= 15°C 



k sub = 80 W/m-K 



T h = 85°C 
A r = L^/S^=0.25 

\<— L h = 5 mm -4 •"AMr-^AMr-^WV^VvV 



qh 



Rh.cnv ^t(sp) Rt,c R 



sp.cnv 



q sp 



S h = 10 mm 



R' t ' c = 0.5x1 0- 4 m 2 -K/W 



ASSUMPTIONS: (1) Steady-state, (2) Constant thermal conductivity, (3) Negligible radiation, (4) 
All heat transfer is by convection from the chip and the substrate surface (negligible heat transfer from 
bottom or sides of substrate). 



ANALYSIS: From the thermal circuit, 



Tu -Tqo 

q=qh+q sp = — — -+ 



T h -Xx 



Ri 



h,cnv ^t(sp) + K t,c + K sp,cnv 



Rh,cnv=(hA s , h ) = fhL? 



-1 r 



100 W/m 2 -K (0.005m)' 



400K/W 



R 



t(sp) 



1 - 1 .4 10 A r + 0.344 Aj + 0.043 A^ + 0.034 h] 1-0.353 + 0.005 + 0 + 0 



4k sub L h 
-4_2 



4(80W/m-K)(0.005m) 



= 0.408K/W 



Rt ' C = L? 



R't,c 0.5xl0" 4 m 2 -K/W 



(0.005m) z 



= 2.000K/W 



R 



sp,cnv 



["( 



A 



sub ^s,h 



.)]" 



100 W / m 2 • K ( (0.010m) 2 - (0.005m) 2 



133.3K/W 



70°C 
q = + 



70°C 



400K/W (0.408 + 2 + 133.3)K/W 



= 0.18W + 0.52W = 0.70W 



COMMENTS: (1) The thermal resistances of the substrate and the chip/substrate interface are much 
less than the substrate convection resistance. Hence, the heat rate is increased almost in proportion to 

the additional surface area afforded by the substrate. An increase in the spacing between chips (Sh) 
would increase q correspondingly. 

1/2 

(2) In the limit A r — > 0, Rt(sp) reduces to 2n k^^D^ for a circular heat source and 4k su ^Ljj 
for a square source. 



PROBLEM 4.32 



KNOWN: Internal corner of a two-dimensional system with prescribed convection boundary 
conditions. 

FIND: Finite-difference equations for these situations: (a) Horizontal boundary is perfectly insulated 

and vertical boundary is subjected to a convection process (Too,h), (b) Both boundaries are perfectly 
insulated; compare result with Eq. 4.41. 

SCHEMATIC: 




</ a; 

Tm+i,n / Ma ferial 
* mmfl 



See Case Z, Table 42 

AX=Ay 

k 



-Tnsu/ated 
boundary 



Boundary exposed 
to convection process 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties, (4) No internal generation. 

ANALYSIS: Consider the nodal network shown above and also as Case 2, Table 4.2. Having 
defined the control volume - the shaded area of unit thickness normal to the page - next identify the 
heat transfer processes. Finally, perform an energy balance wherein the processes are expressed using 
appropriate rate equations. 

(a) With the horizontal boundary insulated and the vertical boundary subjected to a convection 
process, the energy balance results in the following finite-difference equation: 



F -F =0 



qi+q2+q3+q4+q5+q6=° 



k ( A y 4 ) — -rz — 



+ 0 + k 



Ax 
Ay 



Ax 



Tm,n-1 T mn 



Ay 



+ h 



Ay 



(loo T mri ^ 



Tm+l,n T mn . .xTjnn+i T mn 

— + k( Ax-1) — = 0. 

v j Ay 



Ax 



Letting Ax = Ay, and regrouping, find 



2 ( T m-l,n + T m,n+l) + ( T m+l,n + T m,n-l) + -^- T ( 



6 + 



hAx 



T m , n = 0. 



(b) With both boundaries insulated, the energy balance would have q3 = q4 = 0. The same result 
would be obtained by letting h = 0 in the previous result. Hence, 



2 ( T m-l,n + T m,n+l) + ( T m+l,n + T m,n-l)- 6 T m,n =0 - 



Note that this expression compares exactly with Equation 4.41 when h = 0, which corresponds to 
insulated boundaries. 



PROBLEM 4.33 



KNOWN: Plane surface of two-dimensional system. 

FIND: The finite-difference equation for nodal point on this boundary when (a) insulated; compare 
result with Eq. 4.42, and when (b) subjected to a constant heat flux. 

SCHEMATIC: 

~^p*r^Ma ferial, k 

~TnsulatioT> 



T 

Ay 
i_ 



m-l,n — - q 

ax/2 1 

ax k 



i- 



C>— 771,7} + ! 



See Case 3, Table 4.2 
AX = A y 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction with no generation, (2) Constant 
properties, (3) Boundary is adiabatic. 

ANALYSIS: (a) Performing an energy balance on the control volume, (Ax/2)- Ay, and using the 
conduction rate equation, it follows that 

qi+q2+q3 = ° (U) 



Ein E out - 0 



i / a i\^m-l,n T m n 

k( Ay-l) — + k 

V ' Ax 



Ax 



•l 



Tm,n-l T m,n 



Ay 



+ k 



Ax 



•l 



Tm,n+l T m,n 



Ay 



= 0. (3) 



Note that there is no heat rate across the control volume surface at the insulated boundary. 
Recognizing that Ax =Ay, the above expression reduces to the form 

2T m -i ?n + T m n .i + T m?n+ i - 4T m?n = 0. 



(4)< 



The Eq. 4.42 of Table 4.2 considers the same configuration but with the boundary subjected to a 
convection process. That is, 

2hAx„ 



(2T m -i ?n +T m n .i +T m?n+ i ) 



+ - 



L 00 



hAx 



+ 2 



T m ,n=0. 



(5) 



Note that, if the boundary is insulated, h = 0 and Eq. 4.42 reduces to Eq. (4). 

(b) If the surface is exposed to a constant heat flux, q^ , the energy balance has the form 

qi + q2 + q3 + qo • Ay = 0 and the finite difference equation becomes 

9T -i-T -i-T -AT _2c[qAx < * 
z,1 m-l,n ~ l ~ A m,n-1 ~ t ~ 1 m,n+l H1 m,n ^ • ' 

COMMENTS: Equation (4) can be obtained by using the "interior node" finite-difference equation, 
Eq. 4.29, where the insulated boundary is treated as a symmetry plane as shown below. 



m - 7} - hl P/ene of symmetry 

(insulated surfacej 



m~l,n 



I i 

jW,77| 
! ! 



777,77-/1 



PROBLEM 4.34 



KNOWN: External corner of a two-dimensional system whose boundaries are subjected to prescribed 
conditions. 

FIND: Finite-difference equations for these situations: (a) Upper boundary is perfectly insulated and 
side boundary is subjected to a convection process, (b) Both boundaries are perfectly insulated; 
compare result with Eq. 4.43. 

SCHEMATIC: 

"7m- — ■ — * 
Insulated hntindary- ^ S ^l-^ 1 ^ ~~~V > 



Material, k 




I 



% ! 



fv— 71. / Boundary 1 ' T— - 

I m - n ~ J _exposed r to \% 
convection process 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties, (4) No internal generation. 

ANALYSIS: Consider the nodal point configuration shown in the schematic and also as Case 4, 
Table 4.2. The control volume about the node - shaded area above of unit thickness normal to the 
page - has dimensions, (Ax/2)(Ay/2)-l. The heat transfer processes at the surface of the CV are 

identified as qi , q2 —. Perform an energy balance wherein the processes are expressed using the 
appropriate rate equations. 

(a) With the upper boundary insulated and the side boundary subjected to a convection process, the 
energy balance has the form 

Ein-E 0 ut=o qi+q2+q3+q4 =0 (1,2) 
"Ay 



■1 



Tm-l,n T mn 

— + K 



Ax 



Ax 



Tm,n- 1 T mn 



Ay 



+ h 



Ay 



•1 



(Too-T m , n ) + 0 = 0. 



Letting Ax = Ay, and regrouping, find 

T , hAx -r 

A m,n-1 + A m-l,n + , 1 co 



1 hAx 
2~k~ 



+ 1 



T m ,n=0. 



(3)< 



(b) With both boundaries insulated, the energy balance of Eq. (2) would have q^-q^,- 0. The same 
result would be obtained by letting h = 0 in the finite-difference equation, Eq. (3). The result is 

Tm,n-1 + Tm-l,n _ 2T m?n =0. < 

Note that this expression is identical to Eq. 4.43 when h = 0, in which case both boundaries are 
insulated. 

COMMENTS: Note the convenience resulting from formulating the energy balance by assuming that 
all the heat flow is into the node. 



PROBLEM 4.35 



KNOWN: Boundary conditions that change from specified heat flux to convection. 

FIND: The finite difference equation for the node at the point where the boundary condition changes. 
SCHEMATIC: 



Ay 



1,n 




m +1,n 


Jay/2 


: ^3 i 




r q 2 j 
q4i 






q 5 







Ax ~~ 

-+ 

m, n-1 



ASSUMPTIONS: (1) Two dimensional, steady-state conduction with no generation, (2) Constant 
properties. 

ANALYSIS: Performing an energy balance on the control volume Ax • Ay/2, 
E in -E out =0 qi + q 2 +q 3 +q4+q 5 = 0 

Expressing qi in terms of the specified heat flux, q 2 in terms of the known heat transfer coefficient and 
environment temperature, and the remaining heat rates using the conduction rate equation, 

a -„» AX 1 

qi -qs^-- 1 



q 2 =h(T 00 -T mn )^-1 



q 3 



= k ( T m-l,n- T m,n) Ay 



Ax 2 



q4 



= k ( T m+l,n- T m,n) Ay 



Ax 



q 5 = 



Ay X ' 



Letting Ax = Ay, substituting these expressions into the energy balance, and rearranging yields 

hAx" 



- l,n + T m + i n + 2T . j 



4 + 



hAx +^=0 

m,n 



PROBLEM 4.36 



KNOWN: Conduction in a one-dimensional (radial) cylindrical coordinate system with volumetric 
generation. 

FIND: Finite-difference equation for (a) Interior node, m, and (b) Surface node, n, with convection. 
SCHEMATIC: 

x 'Ar Note: control volumes \*^T Ar ' 



\ are cylindrical shells f « 



n "4 i II 




CO 



r-7?Ar 



(a) Interior node, m (b) Surface node with convection, n 

ASSUMPTIONS: (1) Steady-state, one-dimensional (radial) conduction in cylindrical coordinates, 
(2) Constant properties. 

ANALYSIS: (a) The network has nodes spaced at equal Ar increments with m = 0 at the center; 
hence, r = mAr (or nAr). The control volume is V = In r • Ar • t = 2tt (mAr ) Ar • I. The energy 

balance is E m + E g = q a + + qV = 0 
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Recognizing that r = mAr, canceling like terms, and regrouping find 

k 

(b) The control volume for the surface node is V = In r • ( Ar/2) • I. The energy balance is 

Ej n + Eg = q^ + q conv + qV=0. Use Fourier's law to express qj and Newton's law of cooling for 

q conv to obtain 
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Let r = nAr, cancel like terms and regroup to find 
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COMMENTS: (1) Note that when m or n becomes very large compared to Vi, the finite-difference 
equation becomes independent of m or n. Then the cylindrical system approximates a rectangular one. 

(2) The finite-difference equation for the center node (m = 0) needs to be treated as a special case. The 
control volume is 

V = ?r(Ar/2) I and the energy balance is 

Ar 



^in + Er 



q a +qV=k 
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Regrouping, the finite-difference equation is -T G + Tj + 



qAr 
4k 



PROBLEM 4.37 



KNOWN: Two-dimensional cylindrical configuration with prescribed radial (Ar) and angular (A§) 
spacings of nodes. 

FIND: Finite-difference equations for nodes 2, 3 and 1. 
SCHEMATIC: 
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Unl 
temperature 
surface. T\ 



•77 r,+£.r 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction in cylindrical 
coordinates (r,())), (3) Constant properties. 

ANALYSIS: The method of solution is to define the appropriate control volume for each node, to 
identify relevant processes and then to perform an energy balance. 

(a) Node 2. This is an interior node with control volume as shown above. The energy balance is 
Ej n = q a + qb + q c + qd = 0- Using Fourier's law for each process, find 
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Canceling terms and regrouping yields, 
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Tj =0. 



(b) Node 3. The adiabatic surface behaves as a symmetry surface. We can utilize the result of Part (a) 
to write the finite-difference equation by inspection as 
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(c) Node 1. The energy balance is q a + qj, + q c + q^ = 0. Substituting, 
A(j) 
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n + — Ar 
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v ; (ii+Ar)A^ 
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+k 
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+ h(Ar)(T oo -T 1 ) = 0 



This expression could now be rearranged. 



PROBLEM 4.38 



KNOWN: Heat generation and thermal boundary conditions of bus bar. Finite-difference grid. 

FIND: Finite-difference equations for selected nodes. 

SCHEMATIC: 



12 73 
> T h 



74 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: (a) Performing an energy balance on the control volume, (Ax/2)(Ay/2)-l, find the FDE 
for node 1 , 



T 0 -Ti 



+ h, 



R' t ', c /(Ay/2)l u 
k (Ax/2-1) 



Ax 



(Too-Ti) + 



k (Ay/2-1) 



Ax 



(T2-T1) 



+ - 



Ay 



(T 6 -T 1 ) + q[(Ax/2)(Ay/2)l] = 0 



(Ax/kRj: c )t q + (huAx/k)^ + T 2 + T 6 

+ q(Ax) 2 /2k-r(Ax/kRt >c ) + (h u Ax/k) + 2lT 1 =0. < 

(b) Performing an energy balance on the control volume, (Ax)(Ay/2)-l, find the FDE for node 13, 

h 1 (Ax-l)(T 00 -T 13 ) + (k/Ax)(Ay/2-l)(T 12 -T 13 ) 

+ (k/Ay)(Ax-l)(T 8 -T 1 3) + (k/Ax)(Ay/2-l)(T 1 4-T 13 ) + q(Ax-Ay/2-l) = 0 

(rqAx/k)^ +1/2(T 12 +2T 8 + T 14 ) + q(Ax) 2 /2k-(h 1 Ax/k + 2)T 13 =0. < 

COMMENTS: For fixed T G and T^, the relative amounts of heat transfer to the air and heat sink are 
determined by the values of h and R t?c . 



PROBLEM 4.39 



KNOWN: Nodal point configurations corresponding to a diagonal surface boundary subjected to a 
convection process and to the tip of a machine tool subjected to constant heat flux and convection 
cooling. 

FIND: Finite-difference equations for the node m,n in the two situations shown. 
SCHEMATIC: 
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Case(b) 



ASSUMPTIONS: (1) Steady-state, 2-D conduction, (2) Constant properties. 

ANALYSIS: (a) The control volume about node m,n has triangular shape with sides Ax and Ay while 
the diagonal (surface) length is Ax. The heat rates associated with the control volume are due to 
conduction, qj and oq_, and to convection, q c . Performing an energy balance, find 

E; n -E^t =o qi+q2+qc =0 



i / a i\ m,n-l T mn . n T m +l,n 
k(Ax-l) — — + k(Ay-lJ — 



l m,n 



Ax 



h(V2 Ax-l)(T oo -T m , n ) = 0. 



Note that we have considered the solid to have unit depth normal to the page. Recognizing that Ax = 
Ay, dividing each term by k and regrouping, find 



T m,n-1 +T m+l,n +^ ■—, — T a 



2 + V2 • 



hAx 



Vn = 0. 



(b) The control volume about node m,n has triangular shape with sides Ax/2 and Ay/2 while the lower 
diagonal surface length is V2(Ax/2). The heat rates associated with the control volume are due to 

the constant heat flux, q a , to conduction, q^, and to the convection process, q c . Perform an energy 
balance, 
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Recognizing that Ax = Ay, dividing each term by k/2 and regrouping, find 



T 4- F) hAx T W Ax 

L m+l,n +v 2 j~' j oo +q Q ~ 



f nr hAx^ 
1 + V2 



T m ,n=0. 



COMMENTS: Note the appearance of the term hAx/k in both results, which is a dimensionless 
parameter (the Biot number) characterizing the relative effects of convection and conduction. 



PROBLEM 4.40 



KNOWN: Nodal point on boundary between two materials. 
FIND: Finite-difference equation for steady-state conditions. 
SCHEMATIC: 




AX=Ay 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties, (4) No internal heat generation, (5) Negligible thermal contact resistance at interface. 

ANALYSIS: The control volume is defined about nodal point 0 as shown above. The conservation 
of energy requirement has the form 



X ij =qi+q2+q3+q4+q5+q6 =o 



i=l 



since all heat rates are shown as into the CV. Each heat rate can be written using Fourier's law, 
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Recognizing that Ax = Ay and regrouping gives the relation, 
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COMMENTS: Note that when k A = k B , the result agrees with Equation 4.29 which is appropriate for 
an interior node in a medium of fixed thermal conductivity. 



PROBLEM 4.41 



KNOWN: Two-dimensional grid for a system with no internal volumetric generation. 

FIND: Expression for heat rate per unit length normal to page crossing the isothermal 
boundary. 



SCHEMATIC: 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional heat transfer, (3) 
Constant properties. 

ANALYSIS: Identify the surface nodes (T s ) and draw control volumes about these nodes. 
Since there is no heat transfer in the direction parallel to the isothermal surfaces, the heat rate 
out of the constant temperature surface boundary is 

q' = qa+qb + qc + qa+qe+qf 

For each q{, use Fourier's law and pay particular attention to the manner in which the cross- 
sectional area and gradients are specified. 

q' = k ( Ay/2) + k ( Ay ) + k ( Ay ) 

V ' Ax V ; Ax V ; Ax 

+ k ( Ax ) ^ZZL + k ( Ax ) + k ( ^2) 2iz2l 

V ; Ay Ay V ; Ay 

Regrouping with Ax = Ay, find 

q' = k [0.5TJ + T 2 + T 3 + T 5 + T 6 + 0.5T 7 - 5T S ]. < 

COMMENTS: Looking at the corner node, it is important to recognize the areas associated 
with q' c and (Ay and Ax, respectively). 



PROBLEM 4.42 



KNOWN: One-dimensional fin of uniform cross section insulated at one end with prescribed base 
temperature, convection process on surface, and thermal conductivity. 

FIND: Finite-difference equation for these nodes: (a) Interior node, m and (b) Node at end of fin, n, 
where x = L. 



SCHEMATIC: 




- j j p-g~i 1 Fin end node, n 

f*-Ax ->) Jlnferior nade,m 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction. 

ANALYSIS: (a) The control volume about node m is shown in the schematic; the node spacing and 
control volume length in the x direction are both Ax. The uniform cross-sectional area and fin 

perimeter are A c and P, respectively. The heat transfer process on the control surfaces, qj and q2, 

represent conduction while q c is the convection heat transfer rate between the fin and ambient fluid. 
Performing an energy balance, find 

Ein-E O ut= 0 qi+q2+q c = 0 
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Ax Ax 
Multiply the expression by Ax/kA c and regroup to obtain 
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Considering now the special node m = 1, then the m-1 node is T^, the base temperature. The finite - 
difference equation would be 



T b +T 2 + — Ax 2 ^ 
D 1 kA c 
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(b) The control volume of length Ax/2 about node n is shown in the schematic. Performing an energy 
balance, 

E in- E out=° q3+q4+qc=° 



kA, 
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Ax 



Note that q4 = 0 since the end (x = L) is insulated. Multiplying by Ax/kA c and regrouping, 



hP Ax' 
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T n =0. 



COMMENTS: The value of Ax will be determined by the selection of n; that is, Ax = L/n. Note that 
the grouping, hP/kA c , appears in the finite-difference and differential forms of the energy balance. 



PROBLEM 4.43 



KNOWN: Two-dimensional network with prescribed nodal temperatures and thermal conductivity of 
the material. 

FIND: Heat rate per unit length normal to page, q'. 
SCHEMATIC: 
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Ti(°C) 
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134.57 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional heat transfer, (3) No internal 
volumetric generation, (4) Constant properties. 

ANALYSIS: Construct control volumes around the nodes on the surface maintained at the uniform 
temperature T s and indicate the heat rates. The heat rate per unit length is q' = + + + q[j + q' e 
or in terms of conduction terms between nodes, 

q' = qi+q2+q3+q4+q5+q7- 

Each of these rates can be written in terms of nodal temperatures and control volume dimensions using 
Fourier's law, 

, Ax Ti-T s , . T 2 -T s T 3 -T s T 4 -T s 

q = k ^ + k • Ax • — ^ + k • Ax — ^_ + k • Ax — - 

2 Ay Ay Ay Ay 

. . T 5 -T s Ay T 7 -T s 
+ k-Ax — - + k- — •— -. 



Ay 



Ax 



and since Ax =Ay, 

q' = k[(l/2)(Ti-T 8 ) + (T 2 -T s ) + (T 3 -T s ) 
+ (T 4 -T S ) + (T 5 -T S ) + (1/2)(T 7 -T S )]. 

Substituting numerical values, find 

q' = 50 W/m ■ K[ (1/2) (120.55 - 100) + (120.64 - 100) + (121 .29 - 100) 
+ (123.89-100) + (134.57 -100) + (l/2)(l47.14-100)] 

q' = 6711 W/m. 

COMMENTS: For nodes a through d, there is no heat transfer into the control volumes in the x- 
direction. Look carefully at the energy balance for node e, q e = qg + q'j, and how q 5 and q'j are 
evaluated. 



PROBLEM 4.44 



KNOWN: Nodal temperatures from a steady-state, finite-difference analysis for a one-eighth 
symmetrical section of a square channel. 

FIND: (a) Beginning with properly defined control volumes, derive the finite-difference equations for 
nodes 2, 4 and 7, and determine T 2 , T 4 and T 7 , and (b) Heat transfer loss per unit length from the channel, 

q'- 

SCHEMATIC: 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) No internal 
volumetric generation, (4) Constant properties. 

ANALYSIS: (a) Define control volumes about the nodes 2, 4, and 7, taking advantage of symmetry 
where appropriate and performing energy balances, Ej n - E out = 0 , with Ax = Ay, 

Node 2: q' a +q b +qc +q' d = 0 

hAx(T 00 -T 2 ) + k(Ay/2) T3 ~ T2 +kAx T6 ~ T2 +k(Ay/2)^-^- = 0 

T 2 = [0.5Ti + 0.5T 3 + T 6 + (hAx/k) ^ ]/[2 + (hAx/k)] 



T 2 



0.5 x 430 + 0.5 x 394 + 492 + 1 50 w/m 2 • K x 0.01 m/l W/m ■ k) 300 



T 2 =422K 
'1 



K^[2 + 0.50] 
< 



7 



'6# 



Afo<fe 4: q' a + q{, + q^ = 0 

h(Ax/2)(T oo -T 4 ) + 0 + k(Ay/2)^24 =0 

T 4 =[T 3 + (hAx/k)T 00 ]/[l + (hAx/k)] 

T 4 = [394 + 0.5 x 300] K /[l + 0.5] = 363 K 



< 

Continued... 



PROBLEM 4.44 (Cont.) 




x Symmetry plane 

Node 7: From the first schematic, recognizing that the diagonal is a symmetry adiabat, we can treat node 
7 as an interior node, hence 

T 7 = 0.25 (T 3 + T 3 + T 6 + T 6 ) = 0.25 (394 + 394 + 492 + 492) K = 443 K < 

(b) The heat transfer loss from the upper surface can be expressed as the sum of the convection rates from 
each node as illustrated in the first schematic, 

q cv =qi+q2+q3+q4 

q^ v = h (Ax/2) (Ti - Too ) + hAx (T 2 - Too ) + hAx (T 3 - Too ) + h (Ax/2) (T 4 - Too ) 

qc V = 50 w/m 2 • K x 0.01 m [(430 - 300) /2 + (422 - 300) + (394 - 300) + (363 - 300) jl\ K 

q cv =156W/m < 

COMMENTS: (1) Always look for symmetry conditions which can greatly simplify the writing of the 
nodal equation as was the case for Node 7. 

(2) Consider using the IHT Tool, Finite-Difference Equations, for Steady-State, Two-Dimensional heat 
transfer to determine the nodal temperatures Ti - T 7 when only the boundary conditions T 8 , T 9 and (T^h) 
are specified. 



PROBLEM 4.45 



KNOWN: Steady-state temperatures (K) at three nodes of a long rectangular bar. 

FIND: (a) Temperatures at remaining nodes and (b) heat transfer per unit length from the bar using 
nodal temperatures; compare with result calculated using knowledge of q. 



SCHEMATIC: 
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ASSUMPTIONS: (1) Steady-state, 2-D conduction, (2) Constant properties. 

ANALYSIS: (a) The finite-difference equations for the nodes (1,2,3,A,B,C) can be written by 
inspection using Eq. 4.35 and recognizing that the adiabatic boundary can be represented by a 
symmetry plane. 



Z T neighbors - 4Tj + qAx 2 / k = 0 and 



qAx 2 5 x 10 7 W/m 3 (0.005m)' 



20 W/m - K 



= 62.5K. 



Node A (to find T 2 ). - 



Node 3 ( to find T3): 



Node 1 ( to find T\): 



2T 2 + 2T B - 4T A + qAx z / k = 0 

T 2 = ^(-2x374.6 + 4x398.0- 62.5)K = 390.2K 

T c + T 2 + T B + 300K - 4T 3 + qAx 2 /k = 0 

T 3 = ^-(348.5 + 390.2 + 374.6 + 300 + 62.5) K = 369.0K 

300 + 2T C + T 2 - 4Ti + qAx 2 /k = 0 

Tj = 1(300 + 2x 348.5 + 390.2 + 62.5) = 362.4K 



(b) The heat rate out of the bar is determined by calculating the heat rate out of each control volume 
around the 300 K nodes. Consider the node in the upper left-hand corner; from an energy balance 



Ein E out + 
Hence, for the entire bar 
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Substituting numerical values, find q^ar = 7,502.5 W/m. From an overall energy balance on the 
bar, 

q' bar =E^ = qV/f = q(3Ax-2Ay) = 5xl0 7 W/m 3 x6(0.005m) 2 =7,500 W/m. < 
As expected, the results of the two methods agree. Why must that be? 



PROBLEM 4.46 



KNOWN: Steady-state temperatures at selected nodal points of the symmetrical section of a flow 
channel with uniform internal volumetric generation of heat. Inner and outer surfaces of channel 
experience convection. 

FIND: (a) Temperatures at nodes 1, 4, 7, and 9, (b) Heat rate per unit length (W/m) from the outer 
surface A to the adjacent fluid, (c) Heat rate per unit length (W/m) from the inner fluid to surface B, 
and (d) Verify that results are consistent with an overall energy balance. 



SCHEMATIC: 
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q A 



1^,0 = 25°C, h 0 = 250 W/m 2 -K 



T 2 = 95.47°C 
T 3 = 117.3°C 
T 5 = 79.79°C 
T 6 = 77.29°C 
T 8 = 87.28°C 
T 10 = 77.65°C 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) The nodal finite-difference equations are obtained from energy balances on control 
volumes about the nodes shown in the schematics below. 



Nodel 



q a +qb+q c +qd+Eg =o 

0 + k(Ay/2) T2 A ~ Tl +k(Ax/2) T3 A ~ Tl +0 + q(Ax-Ay/4) = 0 
T l =(T 2 +T 3 )/2 + qAx 2 /4k 

T : =(95.47 + 117.3)°C/2 + 10 6 W /m 3 (25x 25)x 10" 6 m 2 /(4x 10 W/m-K) = 122.0°C 
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Node 4 
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T 2 



---4^_qb 

T 4 



T 5 



qd 



T 8 



Node 4 



q a +qb +q c +qk +q e +qf +Eg = 0 

k(Ax/2)^-^ + h i (Ay/2)(T 00)i -T 4 ) + h i (Ax/2)(T 00 -T4) 



+ 



Continued 



PROBLEM 4.46 (Cont.) 



T 4 = 



T 2 + 2T 3 +T 5 +2T 8 +2(h i Ax/k)T ooi + ^3qAx 2 /2kj /[6 + 2(hjAx/k)] 



T 4 = 94.50°C 



Node 7 



qa+qb+qc+qd+Eg =o 

k(Ax/2) T3 A T? +k(Ay/2) T8 ~ T7 + h o (Ax/2)(T ooo -T 7 ) + 0 + q(Ax-Ay/4) = 0 



T 7 



T 3 +T 8 +(h o Ax/k)T 00 O +qAx 2 /2k /(2 + h 0 Ax/k) 




T 5 



l q '' 



t 8 



Node 9 



fqc 110 



qa+qb+qc+qd+Eg =o 

k(Ax)^ + k(Ay/2)^-^ + h 0 (Ax)( Too , 0 -T 9 ) 



Ay 

+k(Ay/2) T8 A Tg +q(Ax-Ay/2) = 0 



T 9 



T 5 + 0.5T 8 + 0.5 T 10 + (h 0 Ax /k) Too q + qAx 2 /2k 1(2 + h 0 Ax / k) 



T 9 = 79.67°C < 

(b) The heat rate per unit length from the outer surface A to the adjacent fluid, q^, is the sum of the 
convection heat rates from the outer surfaces of nodes 7, 8, 9 and 10. 

[( Ax / 2) (T 7 - ) + Ax (T 8 - ) + Ax (T 9 - ) + ( Ax / 2) (T 10 - )] 

q A = 250 W / m 2 • K [(25 / 2) (95.80 - 25) + 25(87.28 - 25) 

+25(79.67 - 25) + (25 / 2) (77.65 - 25)] x 10" 3 m ■ K 

Continued 



PROBLEM 4.46 (Cont.) 

qA=1117W/m < 

(c) The heat rate per unit length from the inner fluid to the surface B, qg, is the sum of the convection 
heat rates from the inner surfaces of nodes 2, 4, 5 and 6. 

q B =hi [(Ay/2)(T 00;i -T 2 ) + (Ay/2 + Ax/2)(T 00!i -T 4 ) + Ax(T 005i -T 5 ) + (Ax/2)(T 00;i -T 6 )] 
qB =500 W/m 2 -K[(25/2)(50-95.47) + (25/2 + 25/2)(50-94.50) 
+25(50-79.79) + (25/2)(50-77.29)]xl0" 3 m-K 

qB=-1383 W/m < 

(d) From an overall energy balance on the section, we see that our results are consistent since the 
conservation of energy requirement is satisfied. 

E< n - F4 ut + E^ en = -q' A +q' B + E' gen = (-1 1 17 - 1383 + 2500)W / m = 0 

where Eg en = qV = 10 6 W / m 3 [25 x 50 + 25 x 50] x 10" 6 m 2 = 2500 W / m 

COMMENTS: The nodal finite-difference equations for the four nodes can be obtained by using IHT 
Tool Finite-Difference Equations I Two-Dimensional I Steady-state. Options are provided to build the 
FDEs for interior, corner and surface nodal arrangements including convection and internal 
generation. The IHT code lines for the FDEs are shown below. 

/* Node 1: interior node; e, w, n, s labeled 2, 2, 3, 3. */ 
0.0 = fd_2d_int(T1 ,T2,T2,T3,T3,k,qdot,deltax,deltay) 

/* Node 4: internal corner node, e-n orientation; e, w, n, s labeled 5, 3, 2, 8. */ 
0.0 = fd_2d_ic_en(T4,T5,T3,T2,T8,k,qdot,deltax,deltay,Tinfi,hi,q"a4 
q"a4 = 0 // Applied heat flux, W/m A 2; zero flux shown 

/* Node 7: plane surface node, s-orientation; e, w, n labeled 8, 8, 3. */ 
0.0 = fd_2d_psur_s(T7,T8,T8,T3,k,qdot,deltax,deltay,Tinfo,ho,q"a7 
q"a7=0 // Applied heat flux, W/m A 2; zero flux shown 

/* Node 9: plane surface node, s-orientation; e, w, n labeled 10, 8, 5. */ 
0.0 = fd_2d_psur_s(T9, T10, T8, T5,k,qdot,deltax,deltay,Tinfo,ho,q"a9 
q"a9 = 0 // Applied heat flux, W/m A 2; zero flux shown 



PROBLEM 4.47 



KNOWN: Outer surface temperature, inner convection conditions, dimensions and thermal 
conductivity of a heat sink. 

FIND: Nodal temperatures and heat rate per unit length. 
SCHEMATIC: 



y ♦ 




50°C 



ASSUMPTIONS: (1) Steady-state, (2) Two-dimensional conduction, (3) Uniform outer surface 
temperature, (4) Constant thermal conductivity. 

ANALYSIS: (a) To determine the heat rate, the nodal temperatures must first be computed from the 
corresponding finite-difference equations. From an energy balance for node 1 , 

h(Ax/2-l)(T 00 -T 1 ) + k(Ay/2-l) T2 ~ Tl + k(Ax -l) Tg ~ Tl =0 



3 + 



hAx 



Ax 



hAx 



Ay 



T 1 + T 2 + 2T 5 +-— iQ0 



With nodes 2 and 3 corresponding to Case 3 of Table 4.2, 
^hAx ^„ „ _ 2hAx 

~ 1 nr — U 



Tj-2 



T 2 



hAx 



■ + 2 T 2 +T 3 + 2T 6 +-— i00 



i 2 T 3 +T 7 + 1 ^T oo =0 
k 



where the symmetry condition is invoked for node 3. Applying an energy balance to node 4, we 
obtain 

-2T 4 +T 5 +T S =0 

The interior nodes 5, 6 and 7 correspond to Case 1 of Table 4.2. Hence, 
Tl+T 4 -4T 5 +T 6 +T s =0 

T 2 +T 5 -4T 6 +T 7 +T S =0 
T 3 +2T 6 -4T 7 +T S =0 

where the symmetry condition is invoked for node 7. With T s = 50°C, = 20°C, and 
hAx/k = 5000 W/m 2 •K(0.005m)/240W/m K = 0.1042, the solution to Eqs. (1) - (7) yields 

Ti = 46.61°C, T 2 = 45.67°C, T 3 = 45.44°C, T 4 = 49.23°C 

T 5 =48.46°C, T 6 =48.00°C, T 7 =47.86°C 

Continued 



(1) 

(2) 
(3) 

(4) 

(5) 
(6) 
(7) 



PROBLEM 4.47 (Cont.) 



The heat rate per unit length of channel may be evaluated by computing convection heat transfer from 
the inner surface. That is, 

q' = 8h[Ax/2(T 1 -T 00 ) + Ax(T 2 -T 00 ) + Ax/2(T 3 -T 00 )] 

q' = 8 x 5000 W / m 2 • K [0.0025m(46.61 - 20) °C + 0.005m(45.67 - 20) °C 

+0.0025m(45.44-20)°C] = 10,340 W/m < 

2 

(b) Since h = 5000 W/m • K is at the high end of what can be achieved through forced convection, 
we consider the effect of reducing h. Representative results are as follows 



h|w/m 2 


•K) Tl (°C) 


T 2 (°C) 


T 3 (°C) 


T 4 (°C) 


T 5 (°C) 


T 6 (°C) 


T 7 (°C) 


q'(W/m) 


200 


49.84 


49.80 


49.79 


49.96 


49.93 


49.91 


49.90 


477 


1000 


49.24 


49.02 


48.97 


49.83 


49.65 


49.55 


49.52 


2325 


2000 


48.53 


48.11 


48.00 


49.66 


49.33 


49.13 


49.06 


4510 


5000 


46.61 


45.67 


45.44 


49.23 


48.46 


48.00 


47.86 


10,340 



There are two resistances to heat transfer between the outer surface of the heat sink and the fluid, that 
due to conduction in the heat sink, R con( j(2D) anc ^ tnat due to convection from its inner surface to the 

fluid, R conv - With decreasing h, the corresponding increase in R conv reduces heat flow and increases 

the uniformity of the temperature field in the heat sink. The nearly 5 -fold reduction in q' 

2 

corresponding to the 5-fold reduction in h from 1000 to 200 W/m • K indicates that the convection 
resistance is dominant ^R conv » R C ond(2D))- 

COMMENTS: To check our finite-difference solution, we could assess its consistency with 
conservation of energy requirements. For example, an energy balance performed at the inner surface 
requires a balance between convection from the surface and conduction to the surface, which may be 
expressed as 

q' = k(Ax4) ^ T5 " Tl ^ +k(Ax4)^^ + k ( Ax /24)^3_ 
V ' Ay V ' Ay V ' Ay 

2 

Substituting the temperatures corresponding to h = 5000 W/m • K, the expression yields 

q' = 10, 340 W/m, and, as it must be, conservation of energy is precisely satisfied. Results of the 

analysis may also be checked by using the expression q' = (T s -T 00 )/^Rg Ond ( 2 D) +R conv)' where, for 
h =5000 W/m 2 K, R' conw =(l/4hw) = 2.5xl0~ 3 m-K/ W, and from Eq. (4.27) and Case 11 of 
Table 4.1, R' cond = [0.930 In (W/w)- 0.05] /2^k = 3.94 xlO~ 4 m-K/W. Hence, 
q' = (50 - 20) °C / ^2.5 x 10" 3 + 3.94 x 10" 4 jm-K/W = 10, 370 W / m, and the agreement with the 

2 f t 

finite-difference solution is excellent. Note that, even for h = 5000 W/m • K, Rc 0nv » R C ond(2D)- 



PROBLEM 4.48 



KNOWN: Steady-state temperatures (°C) associated with selected nodal points in a two-dimensional 
system. 

FIND: (a) Temperatures at nodes 1, 2 and 3, (b) Heat transfer rate per unit thickness from the system 
surface to the fluid. 

SCHEMATIC: 



Insulated boundary -y^LL^UM4S.& /fj^ 



AX = Ay - 0.1m 



^137.0 1015 

- • • • o 

Isothermal boundary^ / ^3 7} 1328 

l=zoo°C 



670 T m =ZO"C 

l,=50W/m*-K 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 
ANALYSIS: (a) Using the finite-difference equations for Nodes 1, 2 and 3: 

Node 1, Interior node, Eq. 4.29: T| = — T ne jg^ ors 

Ti = ^-(172.9 + 137.0 + 132.8 + 200.0)° C = 160.7°C 
Node 2, Insulated boundary, Eq. 4.46 with h = 0, T m n = T2 
T 2 =^( T m-l,n +T m+l,n +2T m,n-l) 
T 2 =-^-(129.4 + 45.8 + 2x103.5)° C = 95.6°C 
Node 3, Plane surface with convection, Eq. 4.42, T m n = T3 



hAx 



- + 2 



/ \ 2hAx 

T 3 = ( 2T m-l,n + T m,n+1 + T m,n-1 ) + ~ j~ T °° 



hAx/k = 50W/m • Kx 0.1m/1.5W/m- K = 3.33 

2(3.33 + 2) T 3 =(2x103.5 + 45.8 + 67.0)°C + 2x3.33 x 30° C 



\m,T\-l 



1 



10.66 



(319.80 + 199.80) °C=48.7°C 



(b) The heat rate per unit thickness from the surface to the fluid is determined from the sum of the 
convection rates from each control volume surface. 



q con v =q a +qb +q c +qd 

qi =hAyi(Ti - Too) 



q c 



50- 



W 



2 v 
m • K 



0.1 



m (45.8-30.0)°C- 



0.1m (48.7- 30.0) °C + 
0.1m (67.0 - 30.0) °C + 

(200.0- 30.0) °C 



TcfZOOZ 



4&7 % 
%7.0 9r 



qconv =(39.5 + 93.5 + 185.0 + 425) W/m = 743 W/m. 



PROBLEM 4.49 



KNOWN: Nodal temperatures from a steady-state finite-difference analysis for a cylindrical fin of 
prescribed diameter, thermal conductivity and convection conditions (T^, h). 

FIND: (a) The fin heat rate, q f , and (b) Temperature at node 3, T 3 . 
SCHEMATIC: 



T 0 = 100.0°C 
Ti = 93.4°C 
T 2 = 89.5°C 



1 cv 



i ♦ 



2 + 



1CV 



P 



►l-Ax/2 H-Ax-H 



2 



D = 12 mm, 
k = 15 W/m K 



7^ = 25 °C, h = 25 W/m 2 K 

ASSUMPTIONS: (a) The fin heat rate, q f , is that of conduction at the base plane, x = 0, and can be 
found from an energy balance on the control volume about node 0, Ej n - E out = 0 , 

qf + qi + q CO nv = 0 or qf = -qi - q CO nv ■ 

Writing the appropriate rate equation for qi and q con v, with A c = 7tD 2 /4 and P = tcD, 

qf = "kA c ^=-^ - hP (Ax/2) (Too " T 0 ) = - ( T l " T 0 ) " (»/2) DhAx (T^ - T 0 ) 



Substituting numerical values, with Ax = 0.010 m, find 
w m-MU.UJiIll W 

qf 



;rxl5W/m-K(0.012m) 2 , 
= - ^ ^-(93.4-100) C 



4x0.010m 

-^x0.012mx25w/m 2 -Kx0.010m(25-100)°C 

q f =(1.120 + 0.353) W = 1.473 W. < 

(b) To determine T 3 , derive the finite-difference equation for node 3, perform an energy balance on the 
control volume shown above, Ej n - E out = 0 , 

q C v+q3+qi =° 

hPAx (T^ - T 2 ) + kA c ^f^ 2 - + kA c ^f^ 2 - = 0 

Ax Ax 

T 3 =-T 1 + 2T 2 -^[ Too -T 2 ] 
kA c 

Substituting numerical values, find 

T 3 =89.2°C < 

COMMENTS: Note that in part (a), the convection heat rate from the outer surface of the control 
volume is significant (25%). It would have been a poor approximation to ignore this term. 



PROBLEM 4.50 



KNOWN: Long rectangular bar having one boundary exposed to a convection process (Too, h) while the 
other boundaries are maintained at a constant temperature (T s ). 

FIND: (a) Using a grid spacing of 30 mm and the Gauss-Seidel method, determine the nodal 
temperatures and the heat rate per unit length into the bar from the fluid, (b) Effect of grid spacing and 
convection coefficient on the temperature field. 



SCHEMATIC: 



Too, h 



Fluid 

7^ = 100 °c 
h= 100 W/m 2 -K t 



7 S = 50 °C 



(a) 



T s = 50 °C 




T s = 50 °C 



Ay= 30 mm 



Ax = 30 mm 



To 



(b) 



T 1 2 1 T 

-.1" 7 r. 

_3_L 4_ U3_| 
. | . | . 

_5 ^ 6_ |_5_ 

.i.i. 

_9 4-10. |_9_ 
J1_L.12.Jj1 

, T V \> 

T 0 



Ax = 15 mm 
— >■ x 



= 15 m 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) With the grid spacing Ax = Ay = 30 mm, three nodes are created. Using the finite- 
difference equations as shown in Table 4.2, but written in the form required of the Gauss-Seidel method 
(see Section 4.5.2), and with Bi = hAx/k = 100 W/m 2 -K x 0.030 m/1 W/m-K = 3, we obtain: 



Node 1: Ti = — ^— (T 2 + T s + BiT^ ) = \ (T 2 + 50 + 3 x 100) = \ (T 2 + 350) 

Node!: T 2 = ^-(Ti +2T S +T 3 ) = i(Ti +T 3 +2x50) = i(Tx + T 3 +100) 
Node 3: T 3 = I(T 2 + 3T S ) = I(T 2 + 3 x 50) = i(T 2 +150) 



(1) 

(2) 
(3) 



Denoting each nodal temperature with a superscript to indicate iteration step, e.g. Tj , calculate values as 
shown below. 



k Ti T 2 T 3 (°C) 

0 85 60 55 <- initial 

guess 



1 


82.00 


59.25 


52.31 


2 


81.85 


58.54 


52.14 


3 


81.71 


58.46 


52.12 


4 


81.69 


58.45 


52.11 



By the 4th iteration, changes are of order 0.02°C, suggesting that further calculations may not be 
necessary. 



Continued. 



PROBLEM 4.50 (Cont.) 



In finite-difference form, the heat rate from the fluid to the bar is 

q^ onv = h (Ax/2)(T 00 - T s ) + hAx (T*, -T l ) + h ( Ax/2) (T^ - T s ) 

q^ onv = hAx (Too - T s ) + hAx (Too - Ti ) = hAx [(T^ - T s ) + (T^ - Ti )] 

qconv = 100 w/m 2 • K x 0.030 m[(l00 - 50) + (100 - 8 1 .7)]° C = 205 W/m . < 

(b) Using the Finite-Difference Equations option from the Tools portion of the IHT menu, the following 
two-dimensional temperature field was computed for the grid shown in schematic (b), where x and y are 
in mm and the temperatures are in °C. 



y\x 


0 


15 


30 


45 


60 


0 


50 


80.33 


85.16 


80.33 


50 


15 


50 


63.58 


67.73 


63.58 


50 


30 


50 


56.27 


58.58 


56.27 


50 


45 


50 


52.91 


54.07 


52.91 


50 


60 


50 


51.32 


51.86 


51.32 


50 


75 


50 


50.51 


50.72 


50.51 


50 


90 


50 


50 


50 


50 


50 



The improved prediction of the temperature field has a significant influence on the heat rate, where, 
accounting for the symmetrical conditions, 

q' = 2h(Ax/2)(T o0 -T s ) + 2h(Ax)(T o0 -T 1 ) + h(Ax)(T o0 -T 2 ) 
q' = h ( Ax) [(Too - T s ) + 2(Too - T! ) + (Too - T 2 )] 

q' = 100w/m 2 -K(0.015m)[50 + 2(l9.67) + 14.84]°C = 156.3W/m < 

Additional improvements in accuracy could be obtained by reducing the grid spacing to 5 mm, although 
the requisite number of finite-difference equations would increase from 12 to 108, significantly increasing 
problem set-up time. 

An increase in h would increase temperatures everywhere within the bar, particularly at the 
heated surface, as well as the rate of heat transfer by convection to the surface. 

COMMENTS: (1) Using the matrix-inversion method, the exact solution to the system of equations (1, 
2, 3) of part (a) is Ti = 81.70°C, T 2 = 58.44°C, and T 3 = 52.12°C. The fact that only 4 iterations were 
required to obtain agreement within 0.01 °C is due to the close initial guesses. 

(2) Note that the rate of heat transfer by convection to the top surface of the rod must balance the rate of 
heat transfer by conduction to the sides and bottom of the rod. 



PROBLEM 4.51 



KNOWN: Square shape subjected to uniform surface temperature conditions. 

FIND: (a) Temperature at the four specified nodes; estimate the midpoint temperature T D , (b) Reducing 
the mesh size by a factor of 2, determine the corresponding nodal temperatures and compare results, and 
(c) For the finer grid, plot the 75, 150, and 250°C isotherms. 



SCHEMATIC: 



100 °c 



50 °C 




100 °C 



a. 


b. 


c . 


d. 


e 


f. 


1- 


9, 


2. 


h 


' . 


i. 


°m 


K. 


1 






n . 


4. 


P 


<7. 




s . 


t . 


u 



200°C 



300 °C ^300 °C 

(a) Coarse grid (b) Finer grid 

ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) The finite-difference equation for each node follows from Eq. 4.29 for an interior point 
written in the form, T, - l/4ZT ne ighbors- Using the Gauss-Seidel iteration method, Section 4.5.2, the finite- 
difference equations for the four nodes are: 

T k = 0.25 (lOO + T^" 1 + T^" 1 + 50 j = 0.25T^ _1 + 0.25T^ _1 + 37.5 
T| = 0.25^100 + 200 + T k_1 +T 1 k_1 j = 0.25^^ + 0.25T k_1 + 75.0 



0.25 (t/ 



lv 1 +T% l +300 + 50 ) = 0.25T 1 k 1 +0.25T^ 1 +87.5 



T k = 0.25 ( T k_1 + 200 + 300 + T k_1 J = 0.25T k_1 + 0.25T k_1 + 1 25.0 

The iteration procedure using a hand calculator is implemented in the table below. Initial estimates are 
entered on the k = 0 row. 



k 


Ti 


T 2 


T 3 


T 4 




(°C) 


(°C) 


(°C) 


(°C) 


0 


100 


150 


150 


250 


1 


112.50 


165.63 


178.13 


210.94 


2 


123.44 


158.60 


171.10 


207.43 


3 


119.93 


156.40 


169.34 


206.55 


4 


119.05 


156.40 


168.90 


206.33 


5 


118.83 


156.29 


168.79 


206.27 


6 


118.77 


156.26 


168.76 


206.26 


7 


118.76 


156.25 


168.76 


206.25 



Continued... 



PROBLEM 4.51 (Cont.) 



By the seventh iteration, the convergence is approximately 0.01°C. The midpoint temperature can be 
estimated as 

T D = (Ti + T 2 + T 3 + T 4 )/2 = (1 18.76 + 156.25 + 168.76 + 206.25)° c/i = 162.5°C 

(b) Because all the nodes are interior ones, the nodal equations can be written by inspection directly into 
the IHT workspace and the set of equations solved for the nodal temperatures (°C). 

Mesh T 0 Ti T 2 T 3 T 4 

Coarse 162.5 118.8 156.3 168.8 206.3 

Fine 162.5 117.4 156.1 168.9 207.6 

The maximum difference for the interior points is 1.4°C (node 1), but the estimate at the center, T 0 , is the 
same, independently of the mesh size. In terms of the boundary surface temperatures, 

T G = (50 + 100 + 200 + 300)° C/4 = 162.5°C 
Why must this be so? 

(c) To generate the isotherms, it would be necessary to employ a contour-drawing routine using the 
tabulated temperature distribution (°C) obtained from the finite-difference solution. Using these values as 
a guide, try sketching a few isotherms. 





100 


100 


100 


100 


100 




50 


86.0 


105.6 


119 


131.7 


151.6 


200 


50 


88.2 


117.4 


138.7 


156.1 


174.6 


200 


50 


99.6 


137.1 


162.5 


179.2 


190.8 


200 


50 


123.0 


168.9 


194.9 


207.6 


209.4 


200 


50 


173.4 


220.7 


240.6 


246.8 


239.0 


200 




300 


300 


300 


300 


300 





COMMENTS: Recognize that this finite-difference solution is only an approximation to the temperature 
distribution, since the heat conduction equation has been solved for only four (or 25) discrete points 
rather than for all points if an analytical solution had been obtained. 



PROBLEM 4.52 



KNOWN: Long bar of square cross section, three sides of which are maintained at a constant 
temperature while the fourth side is subjected to a convection process. 

FIND: (a) The mid-point temperature and heat transfer rate between the bar and fluid; a numerical 
technique with grid spacing of 0.2 m is suggested, and (b) Reducing the grid spacing by a factor of 2, find 
the midpoint temperature and the heat transfer rate. Also, plot temperature distribution across the surface 
exposed to the fluid. 



SCHEMATIC: 




Bar, 0.8 x 0.8 m 
/c=2W/m-K 



7 S = 300 °C 



Too= 100 °C 
h = 10 W/m 2 -K 



Symmetry line 



H 


I ■ 

I 1 1 




I 1 1 


Us 




h 


> 1 1 

I 1 1 







T s = 300 °C 



Ax = Ay 
Ay = 0.2 m 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) Considering symmetry, the nodal network is shown above. The matrix inversion 
method of solution will be employed. The finite-difference equations are: 

Nodes 1, 3, 5 - Interior nodes, Eq. 4.29; written by inspection. 

Nodes 2, 4, 6 - Also can be treated as interior points, considering symmetry. 

Nodes 7,8- On a plane with convection, Eq. 4.42; noting that hAx/k = 

10 W/m 2 -K x 0.2 m/2W/m-K = 1, find 
Node 7: (2T 5 + 300 + T 8 ) + 2x1-100 - 2(1+2)T 7 = 0 
Node 8: (2T 6 + T 7 + T 7 ) + 2x1-100 - 2(1+2)T 8 = 0 

The solution matrix [T] can be found using a stock matrix program using the [A] and [C] matrices shown 
below to obtain the solution matrix [T] (Eq. 4.48). Alternatively, the set of equations could be entered 
into the IHT workspace and solved for the nodal temperatures. 





"-4 


1 


1 


0 


0 


0 


0 


0 




"-600 




292.2 




2 


-4 


0 


1 


0 


0 


0 


0 




-300 




289.2 




1 


0 


-4 


1 


1 


0 


0 


0 




-300 




279.7 


A = 


0 
0 


1 

0 


2 
1 


-4 
0 


0 

-4 


1 
1 


0 

1 


0 
0 


c = 


0 

-300 


T = 


272.2 
254.5 




0 


0 


0 


1 


2 


-4 


0 


1 




0 




240.1 




0 


0 


0 


0 


2 


0 


-6 


1 




-500 




198.1 




0 


0 


0 


0 


0 


2 


2 


-6 




-200 




179.4 



From the solution matrix, [T], find the mid-point temperature as 
T 4 = 272.2°C 



< 

Continued. 



PROBLEM 4.52 (Cont.) 



The heat rate by convection between the bar and fluid is given as, 

qconv =2(qa+q D +qc) 

qconv=2[h(Ax/2)(T 8 -T oo ) + h(Ax)(T 7 -T oo ) + h(Ax/2)(300-T oo )] 

10w/m 2 -Kx(0.2m/2)[(l79.4-100) + 2(198. l-100) + (300-100)]K 

q^ onv =952W/m. < 

(b) Reducing the grid spacing by a factor of 2, the nodal arrangement will appear as shown. The finite- 
difference equation for the interior and centerline nodes were written by inspection and entered into the 
IHT workspace. The IHT Finite-Difference Equations Tool for 2-D, SS conditions, was used to obtain 
the FDE for the nodes on the exposed surface. 



lconv 



= 2 





ymme 


try line 
1 ■ 


■ 1 


+ — ' 


3, 


4 






7 


8 




d 10 


11 


12 




ia" 14 


15 


16 




17 | 18 , 


19 


20 


» 1 


211 22 


23 


1 1 

24 




25j 26, 


27 


» 1 

28 


1 1 


29l 30, 


31, 


32 




4 ft 




■ J ,1 



7 S = 300 °C 



Ax = Ay 
Ay = 0.1 m 



The midpoint temperature T [3 and heat rate for the finer mesh are 

T 13 = 271.0°C q'= 834W/m < 

COMMENTS: The midpoint temperatures for the coarse and finer meshes agree closely, T 4 = 272°C vs. 
T13 = 271.0°C, respectively. However, the estimate for the heat rate is substantially influenced by the 
mesh size; q' = 952 vs. 834 W/m for the coarse and finer meshes, respectively. 



PROBLEM 4.53 



KNOWN: Volumetric heat generation in a rectangular rod of uniform surface temperature. 

FIND: (a) Temperature distribution in the rod, and (b) With boundary conditions unchanged, heat 
generation rate causing the midpoint temperature to reach 600 K. 



SCHEMATIC: 



yt 





. 2, 






■ 1 . 














i 






T 









T s = 300 K 



q = 5x 10 7 W/m 3 , 
k = 20 W/m K 



^ Ay = 5 mm 
Ax = 5 mm 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) Uniform 
volumetric heat generation. 

ANALYSIS: (a) From symmetry it follows that six unknown temperatures must be determined. Since 
all nodes are interior ones, the finite-difference equations may be obtained from Eq. 4.35 written in the 
form 

l/4(q(AxAy)/k). 
With q(AxAy) /4k = 62.5 K, the system of finite-difference equations is 



Ti = 0.25 (T s + T 2 + T 4 + T s ) + 15.625 


(1) 


T 2 =0.25 (T s +T 3 +T 5 +TiJ + 15.625 


(2) 


T 3 = 0.25 (T s + T 2 + T 6 + T 2 ) + 1 5 .625 


(3) 


T 4 =0.25(1! +T5+T1+ T s ) + 15.625 


(4) 


T 5 =0.25 (T 2 + T 6 +T 2 +T 4 ) + 15.625 


(5) 


T 6 =0.25(T3+T5+T3+T 5 ) + 15.625 


(6) 



With T s = 300 K, the set of equations was written directly into the IHT workspace and solved for the 
nodal temperatures, 

Tj T 2 T 3 T 4 T 5 T 6 (K) < 

348.6 368.9 374.6 362.4 390.2 398.0 



(b) With the boundary conditions unchanged, the q required for T 6 = 600 K can be found using the same 
set of equations in the IHT workspace, but with these changes: (1) replace the last term on the RHS 
(15.625) of Eqs. (1-6) by q (AxAy)/4k = (0.005 m) 2 q/4x20 W/m-K = 3.125 x 10" 7 q and (2) set T 6 = 
600 K. The set of equations has 6 unknown, five nodal temperatures plus q . Solving find 

,3 ^ 



q = 1.53xl0°W/m 



PROBLEM 4.54 



KNOWN: Flue of square cross section with prescribed geometry, thermal conductivity and 
inner and outer surface temperatures. 

FIND: Heat loss per unit length from the flue, q'. 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) 
No internal generation. 

ANALYSIS: Taking advantage of symmetry, the nodal network using the suggested 75mm 
grid spacing is shown above. To obtain the heat rate, we first need to determine the unknown 

temperatures T\, T2, T3 and T4. Recognizing that these nodes may be treated as interior 
nodes, the nodal equations from Eq. 4.29 are 



The Gauss-Seidel iteration method is convenient for this system of equations and following 
the procedures of Section 4.5.2, they are rewritten as, 



The iteration procedure is implemented in the table on the following page, one row for each 
iteration k. The initial estimates, for k = 0, are all chosen as (350 + 25)/2 « 185°C. Iteration 
is continued until the maximum temperature difference is less than 0.2°C, i.e., s < 0.2°C. 

Note that if the system of equations were organized in matrix form, Eq. 4.48, diagonal 
dominance would exist. Hence there is no need to reorder the equations since the magnitude 
of the diagonal element is greater than that of other elements in the same row. 



SCHEMATIC: 




(T 2 + 25 + T 2 + 350) - 4Ti = 0 
(Ti + 25 + T 3 + 350) - 4T 2 = 0 
(T 2 + 25 + T 4 + 350) - 4T 3 = 0 
(T 3 + 25 + 25 + T 3 ) - 4T 4 = 0. 




0.50 T^" 1 +93.75 
0.25^ +0.25 T3" 1 +93.75 
0.25 t| +0.25 T^" 1 +93.75 
0.50 T^ +12.5. 



Continued 



PROBLEM 4.54 (Cont.) 



k 


Ti(°C) 


T 2 (°C) 


T 3 (°C) 


T 4 (°C) 


0 


185 


185 


185 


185 


1 


186.3 


186.6 


186.6 


105.8 


2 


187.1 


187.2 


167.0 


96.0 


3 


187.4 


182.3 


163.3 


94.2 


4 


184.9 


180.8 


162.5 


93.8 


5 


184.2 


180.4 


162.3 


93.7 


6 


184.0 


180.3 


162.3 


93.6 


7 


183.9 


180.3 


162.2 


93.6 



<— initial estimate 



<- 8 <0.2°C 

From knowledge of the temperature distribution, the heat rate may be obtained by summing 
the heat rates across the nodal control volume surfaces, as shown in the sketch. 




25°C 



The heat rate leaving the outer surface of this flue section is, 



q' = qa+qb+qc + qd+qe 

i(T 1 -25) + (T 2 -25) + (T 3 -25) + (T4-25) + 0 



, Ax 
q = k — 
Ay 



2 

W 



q' = 0.85- 

m • K 

q' = 374.5 W/m 



1 



(!83.9-25) + (l80.3-25) + (l62.2-26) + (93.6-25) 



Since this flue section is 1/8 the total cross section, the total heat loss from the flue is 

q' = 8x374.5 W/m = 3.00 kW/m. < 

COMMENTS: The heat rate could have been calculated at the inner surface, and from the 
above sketch has the form 



q' = k 



Ax 

Ay 



l 



(350-T 1 ) + (350-T 2 ) + (350-T 3 ) 



= 374.5 W/m. 



This result should compare very closely with that found for the outer surface since the 
conservation of energy requirement must be satisfied in obtaining the nodal temperatures. 



PROBLEM 4.55 

KNOWN: Flue of square cross section with prescribed geometry, thermal conductivity and inner and 
outer surface convective conditions. 

FIND: (a) Heat loss per unit length, q' , by convection to the air, (b) Effect of grid spacing and 
convection coefficients on temperature field; show isotherms. 

SCHEMATIC: 



/c=0.85W/m-K 
/Air) 



h Q = 5 W/m 2 -K 




fl2 



£o,-= 350 °C 
hj'= 100 W/m 2 -K 



1 300 mm 




350 °C 
/?, = 100 W/m 2 -K 



Ay=Ax 
Ax=75 mm 



Schematic (a) 

ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) Taking advantage of symmetry, the nodal network for a 75 mm grid spacing is shown 
in schematic (a). To obtain the heat rate, we need first to determine the temperatures T;. Recognize that 
there are four types of nodes: interior (4-7), plane surface with convection (1, 2, 8-11), internal corner 
with convection (3), and external corner with convection (12). Using the appropriate relations from Table 
4.2, the finite-difference equations are 



Node 
1 



, 2h;Ax 
(2T 4 +T 2 +T 2 ) + ^— T i-2 



h;Ax 



+ 2 



T, =0 



Equation 
4.42 



2 

3 

4 
5 
6 
7 
8 



/ N 2h;Ax 

(2T 5 +T 3 +X 1 )h t X 



oo,i 



h;Ax 



- + 2 



T? =0 



/ \ / \ 2h;Ax 

2(T 6 +T 6 ) + (T 2 +T 2 ) + ^— X 



oo,l 



3 + - 



h;Ax 



(T 8+ T 5+ T 1+ T 5 )-4T 4 =0 
(T 9 +T 6 + T 2 + T 4 )-4T 5 =0 
(T 10+ T 7+ T 3 +T 5 )-4T 6 =0 
(Tn+T 11 + T 6 +T 6 )-4T 7 =0 



(2T 4 +T 9 +T 9 ) + 



2h n Ax 



-T - 2 

A 00,0 z ' 



h n Ax 



- + 2 



T 8 =0 



4.42 

4.41 

4.29 
4.29 
4.29 
4.29 
4.42 



9 

10 

11 

12 



/ N 2h n Ax 

(2T 5+ T 10+ T 8 ) + ^- 
k 

/ x 2h n Ax 

(2T 6+ T 11+ T 9 ) + ^^ 
k 

, x 2h„Ax 

(2T 7+ T 12+ T 10 ) + ^^ 



T - 2 

oo,o 



T -2 

oo,o 



h„Ax 



-+2 



h n Ax 



■ + 2 



T - 2 



V 

h„Ax 



T 



10 



, x 2h„Ax 

(Tn+T 11 ) + ^^T 00!O -2 



V 

h„Ax 



+ 2 |T n =0 



q_ 

v k 



■ + 1 T, 



l 12 



4.42 
4.42 
4.42 
4.43 

Continued... 



PROBLEM 4.55 (Cont.) 



The Gauss-Seidel iteration is convenient for this system of equations. Following procedures of Section 
4.5.2, the system of equations is rewritten in the proper form. Note that diagonal dominance is present; 
hence, no re-ordering is necessary. 



Tg = O.25T3 + 0.25T k + O.25T7 _1 + O.25T9 _1 

T k = 0.50T k +0.50T 1 k f 1 

T 8 k = 0.4096T k + 0.4096T k_1 + 4.52 

T 9 k = 0.4096T 5 k + 0.2048T 8 k + 0.2048T k 0 " 1 + 4.52 

T k 0 = 0.4096T k + 0.2048T k + 0.2048T k f 1 + 4.52 

Til = 0.4096T k + 0.2048T k 0 + 0.2048T 1 k " 1 + 4.52 

T k 2 =0.6939^+7.65 
The initial estimates (k = 0) are carefully chosen to minimize calculation labor; let 8 < 1.0. 



k 


Ti 


T 2 


T 3 


T 4 


T 5 


T 6 


T 7 


T 8 


T 9 


T10 


T11 


T12 


0 


340 


330 


315 


250 


225 


205 


195 


160 


150 


140 


125 


110 


1 


338.9 


336.3 


324.3 


237.2 


232.1 


225.4 


175.2 


163.1 


161.7 


155.6 


130.7 


98.3 


2 


338.3 


337.4 


328.0 


241.4 


241.5 


226.6 


178.6 


169.6 


170.0 


158.9 


130.4 


98.1 


3 


338.8 


338.4 


328.2 


247.7 


245.7 


230.6 


180.5 


175.6 


173.7 


161.2 


131.6 


98.9 


4 


339.4 


338.8 


328.9 


251.6 


248.7 


232.9 


182.3 


178.7 


176.0 


162.9 


132.8 


99.8 


5 


339.8 


339.2 


329.3 


254.0 


250.5 


234.5 


183.7 


180.6 


177.5 


164.1 


133.8 


100.5 


6 


340.1 


339.4 


329.7 


255.4 


251.7 


235.7 


184.7 


181.8 


178.5 


164.7 


134.5 


101.0 


7 


340.3 


339.5 


329.9 


256.4 


252.5 


236.4 


185.5 


182.7 


179.1 


165.6 


135.1 


101.4 



The heat loss to the outside air for the upper surface (Nodes 8 through 12) is of the form 




0.09239TI" 1 +0.09239T| _1 +285.3 

0.04620T k + 0.04620T 3 k_1 +0.09239T k_1 +285.3 

0.08457T k +0.1 692T k_1 +261.2 

0.25T k + 0.50T k_1 + 0.25T 8 k_1 

0.25T k + 0.25T k + 0.25T k_1 + 0.25T 9 k _1 




m 



Hence, for the entire flue cross-section, considering symmetry, 



q' tot =8xq' = 8xl95W/m = 1.57kW/m 



< 



The convection heat rate at the inner surface is 



q' tot =8xhiAx I(T 00)i -T 1 ) + (T 00)i -T 2 ) + ^-(T 00)i -T 3 ) = 8x 190.5 W/m = 1.52 kW/m 



which is within 2.5% of the foregoing result. The calculation would be identical if s = 0. 



Continued.. 



PROBLEM 4.55 (Cont.) 



(b) Using the Finite-Difference Equations option from the Tools portion of the IHT menu, the following 
two-dimensional temperature field was computed for the grid shown in the schematic below, where x and 
y are in mm and the temperatures are in °C. 



(0,0) 



n 



y (mm) 



(300,0) 

-4 > x (mm) 



Ax = Ay = 25 mm 



(0,150) (150,150) 



y\x 


0 


25 


50 


75 


100 


125 


150 


175 


200 


225 


250 


275 


300 


0 


180.7 


180.2 


178.4 


175.4 


171.1 


165.3 


158.1 


149.6 


140.1 


129.9 


119.4 


108.7 


98.0 


25 


204.2 


203.6 


201.6 


198.2 


193.3 


186.7 


178.3 


168.4 


157.4 


145.6 


133.4 


121.0 




50 


228.9 


228.3 


226.2 


222.6 


217.2 


209.7 


200.1 


188.4 


175.4 


161.6 


147.5 






75 


255.0 


254.4 


252.4 


248.7 


243.1 


235.0 


223.9 


209.8 


194.1 


177.8 








100 


282.4 


281.8 


280.1 


276.9 


271.6 


263.3 


250.5 


232.8 


213.5 










125 


310.9 


310.5 


309.3 


307.1 


303.2 


296.0 


282.2 


257.5 












150 


340.0 


340.0 


339.6 


339.1 


337.9 


335.3 


324.7 















Agreement between the temperature fields for the (a) and (b) grids is good, with the largest differences 
occurring at the interior and exterior corners. Ten isotherms generated using FEHT are shown on the 
symmetric section below. Note how the heat flow is nearly normal to the flue wall around the mid- 
section. In the corner regions, the isotherms are curved and we'd expect that grid size might influence the 
accuracy of the results. Convection heat transfer to the inner surface is 




q' = ShiAx [(T^i - Ti )/2 + (Too,! - T 2 ) + - T 3 ) + (t^ - T 4 ) 

+ (T 00)i -T 5 ) + (T oo4 -T 6 ) + (T 00)i -T 7 )/2] = 1.52kW/m 

and the agreement with results of the coarse grid is excellent. 

The heat rate increases with increasing hi and h 0 , while temperatures in the wall increase and 
decrease, respectively, with increasing hi and h Q . 



PROBLEM 4.56 



KNOWN: Rectangular air ducts having surfaces at 80°C in a concrete slab with an insulated bottom 
and upper surface maintained at 30°C. 

FIND: Heat rate from each duct per unit length of duct, q'. 
SCHEMATIC: 



Air duct- 




icf— > V Concrete. r7l=30°C T-arPf /"Concrete, ,srr 
/ \L --lSOmm \* c / secti on below 



+ 



+ 



777777777777777777777777 77777777 




777777 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) No internal 
volumetric generation, (4) Constant properties. 



PROPERTIES: Concrete (given): k=1.4W/m-K. 

ANALYSIS: Taking advantage of symmetry, the 
nodal network, using the suggested grid spacing 

Ax = 2Ay = 37.50 mm 

Ay = 0.125L= 18.75 mm 

where L = 150 mm, is shown in the sketch. To 

evaluate the heat rate, we need the temperatures Ti , 

T2, T3, T4, and T5. All the nodes may be treated as 
interior nodes ( considering symmetry for those nodes on 
insulated boundaries), Eq. 4.29. Use matrix notation, Eq. 
4.48, [A][T] = [C], and perform the inversion. 

The heat rate per unit length from the prescribed section of 
the duct follows from an energy balance on the nodes at the 
top isothermal surface. 



1: 



-T,=30°C 



0 



•A 



24 



25 



-T, =80°C 



Ay 



27 28 



>; Q25L 



32 33^ 1 



t?' 



r Z=30X 



,n j% .t?; .t?; 

tyW TjMU yS59Z Tf$4.8? 



I Z:54.98°C 



q' = q;+q^+q^+q;+q^ 
,T -T 



To -T 



To -T 



q' = k(Ax/2)^ ^ + k-Ax^ ^ + k-Ax^ ^ + k-Ax 



T 4 "T S 



■k(Ax/2) 



T 5 -T s 
Ay 



Ay Ay Ay Ay 

q' = k[(T 1 -T s ) + 2(T 2 -T s ) + 2(T 3 -T s ) + 2(T 4 -T s ) + (T 5 -T s )] 

q' = 1.4 W/m • K[(41.70 - 30) + 2(44.26 - 30) + 2(53.92 - 30) + 2(54.89 - 30) + (54.98 - 30)] 
q' = 228 W/m. 

Since the section analyzed represents one-half of the region about an air duct, the heat loss per unit 
length for each duct is, 



qkuct = 2x q' = 456 W/m - 



Continued 



PROBLEM 4.56 (Cont.) 



Coefficient matrix [A] 
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0 


A 
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0 


0 


0 


0 


0 


0 


0 


0 


0 
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PROBLEM 4.57 

KNOWN: Dimensions and operating conditions for a gas turbine blade with embedded channels. 

FIND: Effect of applying a zirconia, thermal barrier coating. 

SCHEMATIC: 
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Turbine blade (/c = 25 W/m-K) 



-Symmetry adiabat 
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ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) Negligible 
radiation. 

ANALYSIS: Preserving the nodal network of Example 4.4 and adding surface nodes for the TBC, finite- 
difference equations previously developed for nodes 7 through 2 1 are still appropriate, while new 
equations must be developed for nodes lc-6c, lo-6o, and li-6i. Considering node 3c as an example, an 
energy balance yields 



H„A*(T„,„ -T 3c ) + i^l(T 2c -T 3c) + M^A) (T4c -T 3c ) 
v ' Ax Ax 



k„Ax , , 
' (T 3o -T 3c ) = 0 



or, with Ax = 1 mm and Ay c = 0.5 mm, 



0.25(T 2c +T 4c ) + 2T 3o 



h„Ax 
2.5 + ^ — 

k c J 



h„Ax 
T 3c =— 



00,0 



Similar expressions may be obtained for the other 5 nodal points on the outer surface of the TBC. 
Applying an energy balance to node 3o at the inner surface of the TBC, we obtain 

k c Ax k c (Ay c /2) k c (Ay c /2) Ax , 

— [he ~ ho) + " [ho - 1 3oj + 1 Mo " 1 3oJ + ^ _ {hi ~ l 3o)-° 

Ay c Ax Ax R t 



't,c 



or, 



Ax 



2T 3c + 0.25 (T 2o + T 4o ) + — — T 3i 

^c K t,c 



2.5 + - 



Ax 



T 3o =0 



Similar expressions may be obtained for the remaining nodal points on the inner surface of the TBC 
(outer region of the contact resistance). 

Continued... 



PROBLEM 4.57 (Cont.) 



Applying an energy balance to node 3i at the outer surface of the turbine blade, we obtain 



R 



Ax , x k(Ay/2). x k(Ay/2), x kAx , x 

(T 3o " T 3i ) + "4^( T 2i - T 3i ) + "4^( T 4i " T 3i ) + — (T 9 - T 3i ) = 0 



t,c 



Ax 



Ax 



Ay 



or, 



Ax 



kR 



— T 3o +0.5(T 2)i +T 4)i ) + T 9 



t,c 



2 + - 



V 



Ax 



l 3i 



Similar expressions may be obtained for the remaining nodal points on the inner region of the contact 
resistance. 



The 33 finite-difference equations were entered into the workspace of IHT from the keyboard, 
and for h 0 = 1000 W/m 2 -K, T OT>0 = 1700 K, h, = 200 W/m 2 -K and = 400 K, the following temperature 
field was obtained, where coordinate (x,y) locations are in mm and temperatures are in °C. 



y\x 0 1 2 3 4 5 

0 1536 1535 1534 1533 1533 1532 

0.5 1473 1472 1471 1469 1468 1468 

0.5 1456 1456 1454 1452 1451 1451 

1.5 1450 1450 1447 1446 1444 1444 

2.5 1446 1445 1441 1438 1437 1436 

3.5 1445 1443 1438 0 0 0 



Note the significant reduction in the turbine blade temperature, as, for example, from a surface 
temperature of Ti = 1526 K without the TBC to T H = 1456 K with the coating. Hence, the coating is 
serving its intended purpose. 

COMMENTS: (1) Significant additional benefits may still be realized by increasing h ; . (2) The 
foregoing solution may be used to determine the temperature field without the TBC by setting k c — > qo and 

r;, c ->o. 



PROBLEM 4.58 



KNOWN: Bar of rectangular cross-section subjected to prescribed boundary conditions. 

FIND: Using a numerical technique with a grid spacing of 0.1m, determine the temperature 
distribution and the heat transfer rate from the bar to the fluid. 

SCHEMATIC: 



T=Z00°C- 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) 
Constant properties. 

ANALYSIS: The nodal network has Ax = Ay = 0.1m. Note the adiabat corresponding to 
system symmetry. The finite-difference equations for each node can be written using either 
Eq. 4.29, for interior nodes, or Eq. 4.42, for a plane surface with convection. In the case of 
adiabatic surfaces, Eq. 4.42 is used with h = 0. Note that 

hAx 50W/m 2 -Kx0.1m 



k 1.5W/m-K 

Node Finite-Difference Equations 

1 -4Ti + 2T 2 + 2T 4 = 0 

2 -4T 2 + Ti + T 3 + 2T 5 = 0 

3 -4T 3 + 200 + 2T 6 + T 2 = 0 

4 -4T 4 + Ti + 2T 5 + T 7 = 0 

5 -4T 5 + T 2 + T 6 + T 8 + T 4 = 0 

6 -4T 6 + T 5 + T 3 + 200 + T 9 = 0 

7 -4T 7 + T 4 + 2T 8 + Tio = 0 

8 -4T 8 + T 7 +T 5 + T9 + Tn =0 

9 -4T 9 + T 8 + T 6 + 200 + T 12 = 0 

10 -4Ti 0 + T 7 + 2Ti i + T13 = 0 

11 -4Tn + Tio + T 8 + T 12 + T 14 = 0 

12 -4T 12 + Tn + T 9 +200 + T 15 = 0 

13 2T 10 + T 14 + 6.666x30-10.666 T 13 = 0 

14 2T : ! + T13 + T 15 + 6.666x30-2(3.333+2)T 14 = 0 

15 2T 12 +T 14 + 200 + 6.666x30-2(3.333+2) T 15 = 0 



Using the matrix inversion method, Section 4.5.2, the above equations can be written in the 
form [A] [T] = [C] where [A] and [C] are shown on the next page. Using a stock matrix 
inversion routine, the temperatures [T] are determined. 

Continued 



PROBLEM 4.58 (Cont.) 
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Considering symmetry, the heat transfer rate to the fluid is twice the convection rate from the surfaces 
of the control volumes exposed to the fluid. Using Newton's law of cooling, considering a unit 
thickness of the bar, find 



qconv ~~ ^ 
qconv =2h-Ay 



h~ •(T 13 -T oo ) + h.Ay(T 1 4-T oo ) + h.Ay(T 15 -T oo ) + h.^(200-T oo ) 



i(T 13 -T oo ) + (T 1 4-T oo ) + (T 15 -T oo ) + i(200-T oo ) 



qconv =2x50 



W 



m 2 K 



xO.lm 



|(45.8-30) + (48.7-30) + (67.0-30) + |(200-30) 



qconv =1487 W/m. < 



PROBLEM 4.59 

KNOWN: Upper surface and grooves of a plate are maintained at a uniform temperature Ti, while the 
lower surface is maintained at T 2 or is exposed to a fluid at Too. 

FIND: (a) Heat rate per width of groove spacing (w) for isothermal top and bottom surfaces using a 
finite-difference method with Ax = 40 mm, (b) Effect of grid spacing and convection at bottom surface. 

SCHEMATIC: 
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ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) Using a space increment of Ax = 40 mm, the symmetrical section shown in schematic 
(b) corresponds to one-half the groove spacing. There exist only two interior nodes for which finite- 
difference equations must be written. 



Node a: 



Node b: 



4T a -(T 1 +T b +T 2 +T 1 ) = 0 
4T a - ( 200 + T b + 20 + 200) = 0 

4T b -(Ti+T a +T 2 + T a ) = 0 
4T b -(200 + 2T a + 20) = 0 



or 



or 



4T a -T b =420 



-2T a +4T b =220 



(1) 



(2) 



Multiply Eq. (2) by 2 and add to Eq. (1) to obtain 

7T b = 860 or T b =122.9°C 

From Eq. (1), 

4T a - 122.9 = 420 or T a = (420 + 122.9)/4 = 135.7°C. 

The heat transfer through the symmetrical section is equal to the sum of heat flows through control 
volumes adjacent to the lower surface. From the schematic, 



q' = qi+q 2 +q3=k 



Ax 



J 



^i^+krAx)^^ 

Ay v ; Ay 



+ k 



Ax 



T b "T 2 



Ay 



Continued. 



PROBLEM 4.59 (Cont.) 



Noting that Ax = Ay, regrouping and substituting numerical values, find 
q' = k 

_Z " 

'I, X , _v 1 



i( Tl -T 2 ) + (T a -T 2 ) + i(T b -T 2 ) 



(200-20) + (135.7 - 20) + ^(122.9 - 20) = 3.86kW/m . 



q' = 15W/m-K 

For the full groove spacing, q'total = 2 x 3.86 kW/m = 7.72 kW/m. 



(b) Using the Finite-Difference Equations option from the Tools portion of the IHT menu, the following 
two-dimensional temperature field was computed for the grid shown in schematic (b), where x and y are 
in mm and the nodal temperatures are in °C. Nodes 2-54 are interior nodes, with those along the 
symmetry adiabats characterized by T m _i n = T m+ i >n , while nodes 55-63 lie on a plane surface. 
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The foregoing results were computed for h = 10 7 W/m 2 -K (h — > oo) and T^ = 20°C, which is tantamount to 
prescribing an isothermal bottom surface at 20°C. Agreement between corresponding results for the 
coarse and fine grids is surprisingly good (T a = 135.7°C <-> T 23 = 140.FC; T b = 122.9°C <-> T 27 = 
124.4°C). The heat rate is 

q' = 2xk[(T4 6 -T 55 )/2 + (T4 7 -T 56 ) + (T4 8 -T 57 ) + (T49-T 58 ) + (T 5 o-T 59 ) 
+ (T51-T60) + (T 5 2-T 6 i) + (T 5 3-T 62 ) + (T 5 4-T 63 )/2] 

q' = 2xl5W/m-K[l8.84 + 36.82 + 35.00 + 32.95 + 31.04+29.46 < 
+28.31 + 27.6 + 13.68]°C = 7.61kW/m 



The agreement with q' = 7.72 kW/m from the coarse grid of part (a) is excellent and a fortuitous 
consequence of compensating errors. With reductions in the convection coefficient from h — > <x> to h = 
1000, 200 and 5 W/m 2 -K, the corresponding increase in the thermal resistance reduces the heat rate to 
values of 6.03, 3.28 and 0.14 kW/m, respectively. With decreasing h, there is an overall increase in nodal 
temperatures, as, for example, from 19PC to 199.8°C for T 2 and from 20°C to 196.9°C for T 55 . 

NOTE TO INSTRUCTOR: To reduce computational effort, while achieving the same educational 
objectives, the problem statement has been changed to allow for convection at the bottom, rather than the 
top, surface. 



PROBLEM 4.60 



KNOWN: Rectangular plate subjected to uniform temperature boundaries. 

FIND: Temperature at the midpoint using a finite-difference method with space increment of 0.25m 
SCHEMATIC: 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: For the nodal network above, 12 finite-difference equations must be written. It follows 
that node 8 represents the midpoint of the rectangle. Since all nodes are interior nodes, Eq. 4.29 is 
appropriate and is written in the form 



4T m y, T ne j ghhors ~ 0- 



For nodes on the symmetry adiabat, the neighboring nodes include two symmetrical nodes. Hence, for 

Node 4, the neighbors are Tj,, T§ and 2T3. Because of the simplicity of the finite-difference 
equations, we may proceed directly to the matrices [A] and [C] - see Eq. 4.48 - and matrix inversion 

can be used to find the nodal temperatures T m . 
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The temperature at the midpoint (Node 8) is 



T(1,0.5) = T 8 =94.0°C. < 

COMMENTS: Using the exact analytical, solution - see Eq. 4.19 and Problem 4.2 - the midpoint 
temperature is found to be 94.5°C. To improve the accuracy of the finite-difference method, it would 
be necessary to decrease the nodal mesh size. 



PROBLEM 4.61 



KNOWN: Long bar with trapezoidal shape, uniform temperatures on two surfaces, and two insulated 
surfaces. 

FIND: Heat transfer rate per unit length using finite-difference method with space increment of 
10mm. 



SCHEMATIC: 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: The heat rate can be found after the temperature distribution has been determined. 
Using the nodal network shown above with Ax = 10mm, nine finite-difference equations must be 
written. Nodes 1-4 and 6-8 are interior nodes and their finite-difference equations can be written 
directly from Eq. 4.29. For these nodes 

T m,n+l+ T m,n-l + T m+l,n+ T m-l,n- 4T m,n =° m = 1-4,6-8. 



(1) 



For nodes 5 and 9 located on the diagonal, insulated boundary, the appropriate finite-difference 
equation follows from an energy balance on the control volume shown above (upper-right corner of 

schematic), Ej n - E out = q a + q b = 0 

i / a i\ ^m-l,n — Tm,n , /. *\ ,n-l — Tm,n 

k( Ay-l) — + k( Ax-l) — — = 0. 

V ' Ax V ' Ay 

Since Ax = Ay, the finite-difference equation for nodes 5 and 9 is of the form 

T m -l,n+T m , n -l-2V n =0 m = 5,9. (2) 



The system of 9 finite-difference equations is first written in the form of Eqs. (I) or (2) and then 
written in explicit form for use with the Gauss-Seidel iteration method of solution; see Section 4.5.2. 



Node 


Finite-difference equation 


Gauss-Seidel form 


l 


T 2 +T 2 +T 6 +l00-4Ti = 0 


Ti = 0.5T 2 +0.25T 6 +25 


2 


T 3 +Ti+T 7 +l00-4T 2 = 0 


T 2 = 0.25(Ti+T 3 +T 7 )+25 


3 


T 4 +T 2 +T 8 +l00-4T 3 = 0 


T 3 = 0.25(T 2 +T 4 +T 8 )+25 


4 


T5+T3+T9+IOO-4T4 = 0 


T 4 = 0.25(T 3 +T 5 +T 9 )+25 


5 


IOO+T4-2T5 = 0 


T 5 = 0.5T 4 +50 


6 


T 7 +T 7 +25+Ti-4T 6 = 0 


T 6 = 0.25Ti+0.5T 7 +6.25 


7 


T 8 +T 6 +25+T 2 -4T 7 = 0 


T 7 = 0.25(T 2 +T 6 +T 8 )+6.25 


8 


T 9 +T 7 +25+T 3 -4T 8 = 0 


T 8 = 0.25(T 3 +T 7 +T 9 )+6.25 


9 


T 4 +T 8 -2T 9 = 0 


T 9 = 0.5(T 4 +T 8 ) 
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PROBLEM 4.61 (Cont.) 



The iteration process begins after an initial guess (k = 0) is made. The calculations are shown in the 
table below. 



k 


Ti 


T 2 


T 3 


T 4 


T 5 


T 6 


T 7 


T 8 


T 9 (°C) 


0 


75 


75 


80 


85 


90 


50 


50 


60 


75 


1 


75.0 


76.3 


80.0 


86.3 


92.5 


50.0 


52.5 


57.5 


72.5 


2 


75.7 


76.9 


80.0 


86.3 


93.2 


51.3 


52.2 


57.5 


71.9 


3 


76.3 


77.0 


80.2 


86.3 


93.2 


51.3 


52.7 


57.3 


71.9 


4 


76.3 


77.3 


80.2 


86.3 


93.2 


51.7 


52.7 


57.5 


71.8 


5 


76.6 


77.3 


80.3 


86.3 


93.2 


51.7 


52.9 


57.4 


71.9 


6 


76.6 


77.5 


80.3 


86.4 


93.2 


51.9 


52.9 


57.5 


71.9 



Note that by the sixth iteration the change is less than 0.3°C; hence, we assume the temperature 
distribution is approximated by the last row of the table. 

The heat rate per unit length can be determined by evaluating the heat rates in the x-direction for the 
control volumes about nodes 6, 7, and 8. From the schematic, find that 

q' = qi+q2+q3 

, . . T 8 -25 , A T 7 -25 , Ay T 6 -25 

q =kAy-^ + kAy— - + k— — 

Ax Ax 2 Ax 

Recognizing that Ax = Ay and substituting numerical values, find 



W 

q' = 20 



m-K 



(57.5 - 25) + (52.9 - 25) + 1(51.9 - 25) 



K 



q' = 1477 W/m. < 

COMMENTS: (1) Recognize that, while the temperature distribution may have been determined to a 
reasonable approximation, the uncertainty in the heat rate could be substantial. This follows since the 
heat rate is based upon a gradient and hence on temperature differences. 

(2) Note that the initial guesses (k = 0) for the iteration are within 5°C of the final distribution. The 
geometry is simple enough that the guess can be very close. In some instances, a flux plot may be 
helpful and save labor in the calculation. 

(3) In writing the FDEs, the iteration index (superscript k) was not included to simplify expression of 

the equations. However, the most recent value of T m n is always used in the computations. Note that 
this system of FDEs is diagonally dominant and no rearrangement is required. 



PROBLEM 4.62 



KNOWN: Edge of adjoining walls (k = 1 W/m-K) represented by symmetrical element bounded by the 
diagonal symmetry adiabat and a section of the wall thickness over which the temperature distribution is 
assumed to be linear. 

FIND: (a) Temperature distribution, heat rate and shape factor for the edge using the nodal network with 
= Ax = Ay = 10 mm; compare shape factor result with that from Table 4.1; (b) Assess the validity of 
assuming linear temperature distributions across sections at various distances from the edge. 



SCHEMATIC: 

Linear temperature 
distribution 



r 1 ^ 













T 2 = 0 °C 



v. 



T = 



T = 



o°c 

25 
50 
75 



T* = 100 °C> 



8 

7f 



/ 

/ 6 



y 



T 



Ax = Ay 
Ax = 10 mm 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties, and (3) Linear 
temperature distribution at specified locations across the section. 

ANALYSIS: (a) Taking advantage of symmetry along the adiabat diagonal, all the nodes may be treated 
as interior nodes. Across the left-hand boundary, the temperature distribution is specified as linear. The 
finite-difference equations required to determine the temperature distribution, and hence the heat rate, can 
be written by inspection. 

T 3 =0.25(T 2 +T 4 +T 6 +T C ) 

T 4 =0.25(T 2 +T5+T 7 +T 3 ) 

T 5 =0.25(T 2 +T 2 +T4+T 4 ) 

T 6 =0.25(T 3 +T 7 +T 8 +T b ) 

T 7 =0.25(T 4 +T 4 +T 6 +T 6 ) 

T 8 =0.25(T 6 +T 6 +T a +T a ) 
The heat rate for both surfaces of the edge is 

q'tot =2[q a +qb+qc+qd] 

q' tot = 2 [k ( Ax/2) (T c - T 2 )/Ay + kAx (T 3 - T 2 )/Ay + kAx (T 4 - T 2 )/Ay + kAx (T 5 - T 2 )/Ax] 
The shape factor for the full edge is defined as 

q' tot =kS'(T 1 -T 2 ) 
Solving the above equation set in IHT, the temperature (°C) distribution is 

Continued... 



PROBLEM 4.62 (Cont.) 



0 
25 
50 
75 
100 



0 

18.75 
37.5 
56.25 



0 0 
12.5 6.25 
25.0 



and the heat rate and shape factor are 

q' tot =100W/m S = l < 

From Table 4.1, the edge shape factor is 0.54, considerably below our estimate from this coarse grid 
analysis. 

(b) The effect of the linear temperature distribution on the shape factor estimate can be explored using a 
more extensive grid as shown below. The FDE analysis was performed with the linear distribution 
imposed as the different sections a, b, c, d, e. Following the same approach as above, find 



Location of linear distribution (a) (b) (c) (d) 

Shape factor, S 0.797 0.799 0.809 0.857 



(e) 
1.00 



The shape factor estimate decreases as the imposed linear temperature distribution section is located 
further from the edge. We conclude that assuming the temperature distribution across the section directly 
at the edge is a poor-one. 
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To 



(a) (b) (c) (d) (e) 



Linear distribution 
section designation 



COMMENTS: The grid spacing for this analysis is quite coarse making the estimates in poor agreement 
with the Table 4. 1 result. However, the analysis does show the effect of positioning the linear 
temperature distribution condition. 



PROBLEM 4.64 



KNOWN: Straight fin of uniform cross section with prescribed thermal conditions and geometry; tip 
condition allows for convection. 

FIND: (a) Calculate the fin heat rate, qf , and tip temperature, Tl , assuming one-dimensional heat 
transfer in the fin; calculate the Biot number to determine whether the one-dimensional assumption is 
valid, (b) Using the finite-element software FEHT, perform a two-dimensional analysis to determine 
the fin heat rate and the tip temperature; display the isotherms; describe the temperature field and the 
heat flow pattern inferred from the display, and (c) Validate your FEHT code against the 1-D 
analytical solution for a fin using a thermal conductivity of 50 and 500 W/m-K. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conduction with constant properties, (2) Negligible radiation 
exchange, (3) Uniform convection coefficient. 

ANALYSIS: (a) Assuming one-dimensional conduction, qL and Tl can be determined using Eqs. 

3.72 and 3.70, respectively, from Table 3.4, Case A. Alternatively, use the IHT Model I Extended 
Surfaces I Temperature Distribution and Heat Rate I Straight Fin I Rectangular. These results are 
tabulated below and labeled as "1-D." The Biot number for the fin is 

h(t/2) _ 500 W/m 2 -K (0.020 m/2) _ 

1_ k ~ 5 W/m-K 

(b, c) The fin can be drawn as a two-dimensional outline in FEHT with convection boundary 
conditions on the exposed surfaces, and with a uniform temperature on the base. Using a fine mesh (at 
least 1280 elements), solve for the temperature distribution and use the View I Temperature Contours 
command to view the isotherms and the Heat Flow command to determine the heat rate into the fin 
base. The results of the analysis are summarized in the table below. 



k 

(W/m-K) 


Bi 


Tip temperature, Tl (°C) 


Fin heat rate, qf (W/m) 


Difference* 
(%) 


1-D 


2-D 


1-D 


2-D 


5 


1 


100 


100 


1010 


805 


20 


50 


0.1 


100.3 


100 


3194 


2990 


6.4 


500 


0.01 


123.8 


124 


9812 


9563 


2.5 



Difference = (q f 1D - q f 2 D ) x 100/ q f 1D 



COMMENTS: (1) From part (a), since Bi = 1 > 0.1, the internal conduction resistance is not 
negligible. Therefore significant transverse temperature gradients exist, and the one-dimensional 
conduction assumption in the fin is a poor one. 
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PROBLEM 4.64 (Cont.) 



(2) From the table, with k = 5 W/m-K (Bi = 1), the 2-D fin heat rate obtained from the FEA analysis is 
20% lower than that for the 1-D analytical analysis. This is as expected since the 2-D model accounts 
for transverse thermal resistance to heat flow. Note, however, that analyses predict the same tip 
temperature, a consequence of the fin approximating an infinitely long fin (mL = 20.2 » 2.56; see Ex. 
3.8 Comments). 

(3) For the k = 5 W/m-K case, the FEHT isotherms show considerable curvature in the region near the 
fin base. For example, at x = 10 and 20 mm, the difference between the centerline and surface 
temperatures are 15 and 7°C. 

(4) From the table, with increasing thermal conductivity, note that Bi decreases, and the one- 
dimensional heat transfer assumption becomes more appropriate. The difference for the case when k = 
500 W/m-K is mostly due to the approximate manner in which the heat rate is calculated in the FEA 
software. 



PROBLEM 4.65 



KNOWN: Long rectangular bar having one boundary exposed to a convection process (Too, h) while 
the other boundaries are maintained at constant temperature T s . 

FIND: Using the finite-element method of FEHT, (a) Determine the temperature distribution, plot the 
isotherms, and identify significant features of the distribution, (b) Calculate the heat rate per unit 
length (W/m) into the bar from the air stream, and (c) Explore the effect on the heat rate of increasing 
the convection coefficient by factors of two and three; explain why the change in the heat rate is not 
proportional to the change in the convection coefficient. 

SCHEMATIC: 



Fluid 

Too = 1 00°C 
1 00 W/m 2 -K 



50°C 



0.5q' 

-i T 



7V_ 



/i90 mm 



Symmetry plane 
k = 1 W/m-K 



K — 30 mm — >l 

ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) The symmetrical section shown in the schematic is drawn in FEHT with the 
specified boundary conditions and material property. The View I Temperature Contours command is 
used to represent ten isotherms (isopotentials) that have minimum and maximum values of 53.9°C and 
85.9°C, respectively. 
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Because of the symmetry boundary condition, the isotherms are normal to the center-plane indicating 
an adiabatic surface. Note that the temperature change along the upper surface of the bar is substantial 
(« 40°C), whereas the lower half of the bar has less than a 3°C change. That is, the lower half of the 
bar is largely unaffected by the heat transfer conditions at the upper surface. 

(b, c) Using the View I Heat Flows command considering the upper surface boundary with selected 
convection coefficients, the heat rates into the bar from the air stream were calculated. 

h(w/m 2 -Kj 100 200 300 

q'(W/m) 128 175 206 

Increasing the convection coefficient by factors of 2 and 3, increases the heat rate by 37% and 61%, 
respectively. The heat rate from the bar to the air stream is controlled by the thermal resistances of the 
bar (conduction) and the convection process. Since the conduction resistance is significant, we should 
not expect the heat rate to change proportionally to the change in convection resistance. 



PROBLEM 4.66 



KNOWN: Log rod of rectangular cross-section of Problem 4.53 that experiences uniform heat 
generation while its surfaces are maintained at a fixed temperature. Use the finite-element software 
FEHT as your analysis tool. 

FIND: (a) Represent the temperature distribution with representative isotherms; identify significant 
features; and (b) Determine what heat generation rate will cause the midpoint to reach 600 K with 
unchanged boundary conditions. 

SCHEMATIC: 

^ y , — T s = 300 K 

k = 20 W/m-K 
q = 5x10 7 W/m 3 



Symmetrical section 
X 



20 mm - 



30 mm 



ASSUMPTIONS: (1) Steady-state conditions, and (2) Two-dimensional conduction with constant 
properties. 

ANALYSIS: (a) Using FEHT, do the following: in Setup, enter an appropriate scale; Draw the 
outline of the symmetrical section shown in the above schematic; Specify the Boundary Conditions 
(zero heat flux or adiabatic along the symmetrical lines, and isothermal on the edges). Also Specify the 
Material Properties and Generation rate. Draw three Element Lines as shown on the annotated 
version of the FEHT screen below. To reduce the mesh, hit Draw/Reduce Mesh until the desired 
fineness is achieved (256 elements is a good choice). 



y [mm) 

* Symmetry boundary, adiabatic 
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PROBLEM 4.66 (Cont.) 



After hitting Run, Check and then Calculate, use the View/Temperature Contours and select the 10- 
isopotential option to display the isotherms as shown in an annotated copy of the FEHT screen below. 



y (mm) 





















10 isothermsl 


T(0 


,10) = 401.3 K 




















Max = 401.3 K 



Min = 310.1 K 



-> x (mm) 



The isotherms are normal to the symmetrical lines as expected since those surfaces are adiabatic. The 
isotherms, especially near the center, have an elliptical shape. Along the x = 0 axis and the y = 10 
mm axis, the temperature gradient is nearly linear. The hottest point is of course the center for which 
the temperature is 

T(0, 10 mm) = 401.3 K. < 

The temperature of this point can be read using the View/Temperatures or ViewlTabular Output 
command. 

(b) To determine the required generation rate so that T(0, 10 mm) = 600 K, it is necessary to re-run the 
model with several guessed values of q . After a few trials, find 



q = 1.48xl0 8 W/nr 



PROBLEM 4.67 



KNOWN: Symmetrical section of a flow channel with prescribed values of q and k, as well as the 
surface convection conditions. See Problem 4.46. 



FIND: Using the finite-element method of FEHT, (a) Determine the temperature distribution and plot 
the isotherms; identify the coolest and hottest regions, and the region with steepest gradients; describe 
the heat flow field, (b) Calculate the heat rate per unit length (W/m) from the outer surface A to the 
adjacent fluid, (c) Calculate the heat rate per unit length (W/m) to surface B from the inner fluid, and 
(d) Verify that the results are consistent with an overall energy balance on the section. 



SCHEMATIC: 



Insulation 




Tmi = 50°C, h, = 500 W/m 2 -K 



Surface B 

q = 10 6 W/m 3 , k = 10 W/m-K 
Symmetry plane 
— > x 



Surface A 



Too.o = 25°C, h D = 250 W/m2-K 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 
ANALYSIS: (a) The symmetrical section shown in the schematic is drawn in FEHT with the 
specified boundary conditions, material property and generation. The View I Temperature Contours 
command is used to represent ten isotherms (isopotentials) that have minimum and maximum values 
of 82.1°Cand 125.2°C. 



Symmetry plane 



Insulated 
boundary — o 
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ew/Temperature Contours 



Isotherms (10) 

Minimum 82.fC | 
Maximum = 125.2 C 



Tinf,i = 50C,hi = 500W/m A 2-K 
q'B (W/m). into section 




The hottest region of the section is the upper vertical leg (left-hand corner). The coolest region is in 
the lower horizontal leg at the far right-hand boundary. The maximum and minimum section 
temperatures (125°C and 77°C), respectively, are higher than either adjoining fluid. Remembering 
that heat flow lines are normal to the isotherms, heat flows from the hottest corner directly to the inner 
fluid and downward into the lower leg and then flows out surface A and the lower portion of surface 
B. 
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PROBLEM 4.67 (Cont.) 



(b, c) Using the View I Heat Flows command considering the boundaries for surfaces A and B, the heat 
rates are: 



qs =1135 W/m 



qB =-1365 W/m. 



From an energy balance on the section, we note that the results are consistent since conservation of 
energy is satisfied. 

F ! -F" ..+F =0 
Mn ^out T ^g u 

-q A +qB+qV=o 

-1135 W/m + (-1365 W/m) + 2500 W/m = 0 < 
where qV = lxl0 6 W/m 3 x [25x 50 + 25x 50]x 10" 6 m 2 = 2500 W/m. 

COMMENTS: (1) For background on setting up this problem in FEHT, see the tutorial example of 
the User's Manual. While the boundary conditions are different, and the internal generation term is to 
be included, the procedure for performing the analysis is the same. 

(2) The heat flow distribution can be visualized using the View I Temperature Gradients command. 
The direction and magnitude of the heat flow is represented by the directions and lengths of arrows. 
Compare the heat flow distribution to the isotherms shown above. 




PROBLEM 4.68 



KNOWN: Hot-film flux gage for determining the convection coefficient of an adjoining fluid stream 
by measuring the dissipated electric power, P e , and the average surface temperature, T s> f. 

FIND: Using the finite-element method of FEHT, determine the fraction of the power dissipation that 
is conducted into the quartz substrate considering three cases corresponding to convection coefficients 

of 500, 1000 and 2000 W/m 2 -K. 
SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant substrate properties, 
(3) Uniform convection coefficient over the hot-film and substrate surfaces, (4) Uniform power 
dissipation over hot film. 

ANALYSIS: The symmetrical section shown in the schematic above (right) is drawn into FEHT 
specifying the substrate material property. On the upper surface, a convection boundary condition 

(Toch) is specified over the full width W/2. Additionally, an applied uniform flux |Pg, W / m^ j 

boundary condition is specified for the hot-film region (w/2). The remaining surfaces of the two- 
dimensional system are specified as adiabatic. In the schematic below, the electrical power dissipation 
P e (W/m) in the hot film is transferred by convection from the film surface, q cv f , and from the 

adjacent substrate surface, q cv s . 




The analysis evaluates the fraction, F, of the dissipated electrical power that is conducted into the 
substrate and convected to the fluid stream, 

F = q C v,s/Pe=l-q C v,f /Pe 
where Pg = P e ' (w / 1) = 5000 W/m 2 x (0.002 m) = 10 W/m. 

After solving for the temperature distribution, the ViewlHeat Flow command is used to evaluate q cv f 
for the three values of the convection coefficient. 



Continued 
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PROBLEM 4.68 (Cont.) 

h(W/m 2 K) q cvf (W/m) 



F(%) 



T s ,f(°C) 



1 500 5.64 43.6 30.9 

2 1000 6.74 32.6 28.6 

3 2000 7.70 23.3 27.0 

COMMENTS: (1) For the ideal hot-film flux gage, there is negligible heat transfer to the substrate, 
and the convection coefficient of the air stream is calculated from the measured electrical power, P e ', 

the average film temperature (by a thin-film thermocouple), T s f, and the fluid stream temperature, Too, 
as h = Pg / (t s f - Tqo ) • The purpose in performing the present analysis is to estimate a correction 
factor to account for heat transfer to the substrate. 

(2) As anticipated, the fraction of the dissipated electrical power conducted into the substrate, F, 
decreases with increasing convection coefficient. For the case of the largest convection coefficient, F 
amounts to 25%, making it necessary to develop a reliable, accurate heat transfer model to estimate the 
applied correction. Further, this condition limits the usefulness of this gage design to flows with high 
convection coefficients. 

(3) A reduction in F, and hence the effect of an applied correction, could be achieved with a substrate 
material having a lower thermal conductivity than quartz. However, quartz is a common substrate 
material for fabrication of thin-film heat-flux gages and thermocouples. By what other means could 
you reduce F? 

(4) In addition to the tutorial example in the FEHT User's Manual, the solved models for Examples 
4.3 and 4.4 are useful for developing skills helpful in solving this problem. 



PROBLEM 4.69 



KNOWN: Hot-plate tool for micro-lithography processing of 300-mm silicon wafer consisting of an 
aluminum alloy equalizing block (EB) heated by ring-shaped main and trim electrical heaters (MH and 
TH) providing two-zone control. 

FIND: The assignment is to size the heaters, MH and TH, by specifying their applied heat fluxes, 
q^jj and q'^ , and their radial extents, Ar^ and Ar t jj , to maintain an operating temperature of 

140°C with a uniformity of 0.1 °C. Consider these steps in the analysis: (a) Perform an energy 
balance on the EB to obtain an initial estimate for the heater fluxes with q^ = q'^ extending over 

the full radial limits; using FEHT, determine the upper surface temperature distribution and comment 
on whether the desired uniformity has been achieved; (b) Re -run your FEHT code with different 
values of the heater fluxes to obtain the best uniformity possible and plot the surface temperature 
distribution; (c) Re -run your FEHT code for the best arrangement found in part (b) using the 
representative distribution of the convection coefficient (see schematic for h(r) for downward flowing 
gas across the upper surface of the EB; adjust the heat flux of TH to obtain improved uniformity; and 
(d) Suggest changes to the design for improving temperature uniformity. 

SCHEMATIC: 



To, = 25°C 



V V 



h = 10 W/m 2 -K or h(r) 



Equilizing block (EB) 

k = 75 W/m-K 



y////////^n null:. 'XsmmEsy///y// A 

MH, q' mn TH, qi' h 



W 



-> r 



r 4 



h(r) = h 0 [1+a(r/r 0 ) n ] 

h 0 = 5.4 W/m 2 -K 
a = n = 1.5 



Dimensions (mm) 
r-, = 30 
r 2 = 90 
r 3 = 120 
r 4 = 150 
r o =170 
w= 30 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction with uniform and 
constant properties in EB, (3) Lower surface of EB perfectly insulated, (4) Uniform convection 
coefficient over upper EB surface, unless otherwise specified and (5) negligible radiation exchange 
between the EB surfaces and the surroundings. 

ANALYSIS: (a) To obtain initial estimates for the MH and TH fluxes, perform an overall energy 
balance on the EB as illustrated in the schematic below. 



EB 



/ 



; M I N I M m him l ^ ^gg^-uj-uj ^'iTJI j 
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T s = 140°C 



Tco,h 



mh 



fq 
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J 1— > r 



Ej n E 



out 



qnih^" (rf " r l 2 ) + Ith'r ( r 4 " r 3 ) " h 



(T s -T oo ) = 0 
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Substituting numerical values and letting = , find 



q mh =qth=2939 W/m^ 



Using FEHT, the analysis is performed on an axisymmetric section of the EB with the nodal 
arrangement as shown below. 




The Temperature Contour view command is used to create the temperature distribution shown below. 
The temperatures at the center (Ti) and the outer edge of the wafer (r = 150 mm, T14) are read from 
the Tabular Output page. The Temperature Gradients view command is used to obtain the heat flow 
distribution when the line length is proportional to the magnitude of the heat rate. 
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From the analysis results, for this base case design (q^h = qJJh ) > the temperature difference across the 

radius of the wafer is 1.7°C, much larger than the design goal of 0.1 °C. The upper surface temperature 
distribution is shown in the graph below. 
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EB surface temperature distribution 

141.5-1 — 
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140.5 
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(b) From examination of the results above, we conclude that if is reduced and q'^ increased, the 

EB surface temperature uniformity could improve. The results of three trials compared to the base 
case are tabulated below. 



Trial 


(w/m 2 ) 


ft 

qth 

(w/m 2 ) 


Tl 

(°C) 


Tl4 

(°C) 


Ti-T 14 
(°C) 


Base 


2939 


2939 


141.1 


139.3 


1.8 


1 


2880 
(-2%) 


2997 
(+2%) 


141.1 


139.4 


1.7 


2 


2880 
(-2%) 


3027 
(+3%) 


141.7 


140.0 


1.7 


3 


2910 
(-1%) 


2997 
(+2%) 


141.7 


139.9 


1.8 


Part (c) 


2939 


2939 


141.7 


139.1 


2.6 


Part (d) 
k=150 W/m-K 


2939 


2939 


140.4 


139.5 


0.9 


Part (d) 
k=300 W/m-K 


2939 


2939 


140.0 


139.6 


0.4 



The strategy of changing the heater fluxes (trials 1-3) has not resulted in significant improvements in 
the EB surface temperature uniformity. 
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(c) Using the same FEHT code as with part (b), base case, the boundary conditions on the upper 

surface of the EB were specified by the function h(r) shown in the schematic. The value of h(r) ranged 

2 

from 5.4 to 13.5 W/m -K between the centerline and EB edge. The result of the analysis is tabulated 
above, labeled as part (c). Note that the temperature uniformity has become significantly poorer. 

(d) There are at least two options that should be considered in the re-design to improve temperature 
uniformity. Higher thermal conductivity material for the EB. Aluminum alloy is the material most 
widely used in practice for reasons of low cost, ease of machining, and durability of the heated 
surface. The results of analyses for thermal conductivity values of 150 and 300 W/m-K are tabulated 
above, labeled as part (d). Using pure or oxygen-free copper could improve the temperature 
uniformity to better than 0.5°C. 

Distributed heater elements. The initial option might be to determine whether temperature uniformity 
could be improved using two elements, but located differently. Another option is a single element 
heater spirally embedded in the lower portion of the EB. By appropriately positioning the element as a 
function of the EB radius, improved uniformity can be achieved. This practice is widely used where 
precise and uniform temperature control is needed. 



PROBLEM 4.70 



KNOWN: Straight fin of uniform cross section with insulated end. 

FIND: (a) Temperature distribution using finite-difference method and validity of assuming one- 
dimensional heat transfer, (b) Fin heat transfer rate and comparison with analytical solution, Eq. 3.76, (c) 
Effect of convection coefficient on fin temperature distribution and heat rate. 

SCHEMATIC: 




. — ,7°°= 30 °c T _ 1 qq * q coi 

/7 = 500W/m 2 -K 'b luu u 



T b = 1 00 °C -> fj 1 q r* ff 

J /r = 50W/m-K-' ^w=6mm f JT~T 



10. 11. 12. 



x /_ = 48mm 



^Jl , h — ►KAx = 4 mm 
9 cond 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fin, (3) Constant 
properties, (4) Uniform film coefficient. 

ANALYSIS: (a) From the analysis of Problem 4.43, the finite-difference equations for the nodal 
arrangement can be directly written. For the nodal spacing Ax = 4 mm, there will be 12 nodes. With i 
» w representing the distance normal to the page, 

hP . 2 h-2£ A 2 h-2 A 2 500w/m 2 -Kx2 /. 1rt _3 . , W1 _, 
•Ax z » Ax z = Ax z = '- — 4x10 ''mm =0.0533 



kA c k-^-w kw 50W/m-Kx6xl0 -3 



m 



Nodel: 100 + T 2 +0.0533 x 30 -(2 + 0.0533) Ti =0 or -2.053Ti + T 2 = -101.6 

Node n: T n+1 +T n _i +1.60 - 2.0533T n = 0 or T n _! -2.053T n +T n _ 1 =-1.60 

Node 12: T u +(0.0533/2)30-(0.0533/2 + l)T 12 =0 or T u -1.0267T 12 =-0.800 

Using matrix notation, Eq. 4.48, where [A] [T] = [C], the A-matrix is tridiagonal and only the non-zero 
terms are shown below. A matrix inversion routine was used to obtain [T]. 



Tridiagonal Matrix A Column Matrices 





Nonzero Terms 




Values 


Node 


C 


T 




a u 


ai, 2 


-2.053 1 


1 


-101.6 


85.8 


a 2 ,i 


a 2 ,2 


a 2 ,3 


1 -2.053 1 


2 


-1.6 


74.5 


a 3 ,2 


a 3 ,3 


a 3 ,4 


1 -2.053 1 


3 


-1.6 


65.6 


a 4 ,3 


a 4 ,4 


a 4 ,5 


1 -2.053 1 


4 


-1.6 


58.6 


a 5 ,4 


as.s 


a 5 ,6 


1 -2.053 1 


5 


-1.6 


53.1 


a 6 ,5 


ae.e 


a 6 j 


1 -2.053 1 


6 


-1.6 


48.8 


a 7 ,6 


a 7 .7 


a 7 ,8 


1 -2.053 1 


7 


-1.6 


45.5 


a 8 ,7 


ag.s 


ag,9 


1 -2.053 1 


8 


-1.6 


43.0 


a 9 , 8 


ag,9 


a 9,10 


1 -2.053 1 


9 


-1.6 


41.2 


a 10,9 


aio.io 


aio.ii 


1 -2.053 1 


10 


-1.6 


39.9 


an, io 


a u ,n 


an, 12 


1 -2.053 1 


11 


-1.6 


39.2 


ai2,n 


ai2,i2 


an.n 


1 -1.027 1 


12 


-0.8 


38.9 



The assumption of one-dimensional heat conduction is justified when Bi = h(w/2)/k < 0.1. Hence, with 
Bi = 500 W/m 2 -K(3 x 10" 3 m)/50 W/m-K = 0.03, the assumption is reasonable. 

Continued. 



PROBLEM 4.70 (Cont.) 



(b) The fin heat rate can be most easily found from an energy balance on the control volume about Node 
0, 



qf =qi+q C onv = k - w 



+ h 



2 — 

V 2 j 



q f =50W/m-K|6xl0 3 mJ 



Ax 

_ 3 \ (100-85.8)° C 



(T 0 -Too) 



+ 500W/ m • K 



4x10 J m 



2- 



4x10 3 m A 



V 



(100- 30)° C 



q f = (1065 + 140) W/m = 1205 W/m . < 
From Eq. 3.76, the fin heat rate is 

q = (hPkA c ) 1/2 • % ■ tanh mL . 

Substituting numerical values with P = 2(w + i ) « 2 i and A c = w- i , m = (hP/kA c ) 1/2 = 57.74 m" 1 and M 
= (hPkA c ) 1/2 = 17.32 1 W/K. Hence, with 0 b = 70°C, 

q' = 17.32 W/K x 70 K x tanh (57.44 x 0.048) = 1203 W/m 
and the finite-difference result agrees very well with the exact (analytical) solution. 

(c) Using the IHT Finite-Difference Equations Tool Pad for ID, SS conditions, the fin temperature 
distribution and heat rate were computed for h = 10, 100, 500 and 1000 W/m 2 -K. Results are plotted as 
follows. 




The temperature distributions were obtained by first creating a Lookup Table consisting of 4 rows of 
nodal temperatures corresponding to the 4 values of h and then using the LOOKUPVAL2 interpolating 
function with the Explore feature of the IHT menu. Specifically, the function T_EVAL = 
LOOKUPVAL2(t0467, h, x) was entered into the workspace, where t0467 is the file name given to the 
Lookup Table. For each value of h, Explore was used to compute T(x), thereby generating 4 data sets 
which were placed in the Browser and used to generate the plots. The variation of q' with h was simply 
generated by using the Explore feature to solve the finite-difference model equations for values of h 
incremented by 10 from 10 to 1000 W/m 2 K. 

Although qf increases with increasing h, the effect of changes in h becomes less pronounced. This trend 
is a consequence of the reduction in fin temperatures, and hence the fin efficiency, with increasing h. For 
10 < h < 1000 W/m 2 -K, 0.95 > r\ f > 0.24. Note the nearly isothermal fin for h = 10 W/m 2 -K and the 
pronounced temperature decay for h = 1000 W/m 2 -K. 



PROBLEM 4.71 



KNOWN: Pin fin of 10 mm diameter and length 250 mm with base temperature of 100°C experiencing 
radiation exchange with the surroundings and free convection with ambient air. 

FIND: Temperature distribution using finite-difference method with five nodes. Fin heat rate and 
relative contributions by convection and radiation. 



SCHEMATIC: 



Quiescent 
air, 7L = 25 °C 



T sur~ 25 ° C 



t - -inn or r Stainless steel rod 
b ~ ° / k= H w/m-K, s = 0.2 



1. 



2. 



3. 



4. 



h-Ax-H 



D = 10 mm 
L = 250 mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fin, (3) Constant 
properties, (4) Fin approximates small object in large enclosure, (5) Fin tip experiences convection and 
radiation, (6) h fc = 2.89[0.6 + 0.624(T - TJ 176 ] 2 . 

ANALYSIS: To apply the finite-difference method, define the 5-node system shown above where Ax = 
L/5. Perform energy balances on the nodes to obtain the finite-difference equations for the nodal 
temperatures. 



Interior node, n — 1, 2, 3 or 4 
Ein _ E out = 0 



q a +qb+qc+qd =° 

hr,nPAx(T sur -T n ) + kA c 



(1) 

T n+1- T i 



0 



it) 



Ax 



^ + h fC)n PAx(T 00 -T n ) + kA c 



Ln-1 



-T n 



Ax 



where the free convection coefficient is 



hfc,n = 2-89 



0.6 + 0.624^-^) 



1/6 



0 (2) 



(3) 



and the linearized radiation coefficient is 

h r,n = so- (T n + T sur ) (t^ + T s 2 ur J 

with P = TiD and A c = tcD 2 /4. 

Tip node, n — 5 

Ein _ E 0U { = 0 

q a +qb+qc+qd+q e = o 



(4) 
(5,6) 



O4T 



4d 



h r ,5 (PAx/2) (T sur - T 5 ) + h r>5 A c (T sur - T 5 ) + h fc>5 A c (T^ - T 5 ) 



+ h fC) 5(PAx/2)(T 00 -T 5 ) + kA ( 



T4zj5 
Ax 



0 



(7) 

Continued... 



PROBLEM 4.71 (Cont.) 



Knowing the nodal temperatures, the heat rates are evaluated as: 

Fin Heat Rate: Perform an energy balance ^ 

around Node b. \j J 

It 



E in- E out=° <]fh~* * j J-* q c U 

q a +qb+qc+qfin =o 



| < » | Ax/2 



h r , b (PAx/2)(T sur -T b ) + h fc , b (PA X /2)(T„-T b) + k A c M +qfin =0 (8, 
where h l b and h fc b are evaluated at T b . 

Convection Heat Rate: To determine the portion of the heat rate by convection from the fin surface, we 
need to sum contributions from each node. Using the convection heat rate terms from the foregoing 
energy balances, for, respectively, node b, nodes 1, 2, 3, 4 and node 5. 

q cv = -qb) b -Zqc)i_4-(qc+qd) 5 (9) 

Radiation Heat Rate: In the same manner, 

q ra d =-qa) b -Zqb)i_ 4 -(qa+qb) 5 

The above equations were entered into the IHT workspace and the set of equations solved for the nodal 
temperatures and the heat rates. Summary of key results including the temperature distribution and heat 
rates is shown below. 

Node b 1 2 3 4 5 Fin < 

Tj(°C) 100 58.5 40.9 33.1 29.8 28.8 

q cv (W) 0.603 0.451 0.183 0.081 0.043 0.015 1.375 

q,in(W) ______ 1.604 

qrad(W) ______ 0.229 

h cv (W/m 2 -K) 10.1 8.6 7.3 6.4 5.7 5.5 

h ra d(W/m 2 -K) 1.5 1.4 1.3 1.3 1.2 1.2 



COMMENTS: From the tabulated results, it is evident that free convection is the dominant node. Note 
that the free convection coefficient varies almost by a factor of two over the length of the fin. 



PROBLEM 4.72 



KNOWN: Thin metallic foil of thickness, t, whose edges are thermally coupled to a sink at temperature 
T sink is exposed on the top surface to an ion beam heat flux, q" , and experiences radiation exchange with 
the vacuum enclosure walls at T sur . 

FIND: Temperature distribution across the foil. 

SCHEMATIC: 



Vacuum enclosure, T sur 

Ion beam, q" s 

I J J.J 1 L^ 7 

Grid 




Grid hole 
pattern 



Water-cooled electrode 
sink, T sink 

ASSUMPTIONS: (1) One-dimensional, steady-state conduction in the foil, (2) Constant properties, (3) 
Upper and lower surfaces of foil experience radiation exchange, (4) Foil is of unit length normal to the 
page. 

ANALYSIS: The 10-node network representing the foil is shown below. 



'sur 



2. 1, 



2. 3.i i9. 10. 



sink 



'sur. 



la /1'b 



(^'1 q ' e ] ^ \ q, c v n+1 ( 



/a 



From an energy balance on node n, Ej n - E out = 0 , for a unit depth, 

q a +qt +qc +qd +qe =° 

q^Ax + h r>n Ax (T sur - T n ) + k(t)(T n+1 - T n )/Ax + h r>n Ax (T sur - T n ) + k(t)(T n _ 1 - T n )/Ax = 0(1) 



where the linearized radiation coefficient for node n is 

,2 N 



(^sur + Tji ) f^sur + ^ii 
Solving Eq. (1) for T n find, 



n r,n = iTTI l 



(2) 



T = 



(T n+1 + T n _! ) + (2h r , n Ax 2 /kt ) T sur + ( Ax 2 /kt ) q^ ]/[(h r , n Ax 2 /kt) + 2 



(3) 



which, considering symmetry, applies also to node 1. Using IHT for Eqs. (3) and (2), the set of finite- 
difference equations was solved for the temperature distribution (K): 



Ti 
374.1 



T 2 
374.0 



T 3 
373.5 



T 4 
372.5 



T 5 
370.9 



T 6 
368.2 



T 7 
363.7 



T 8 
356.6 



T 9 
345.3 



Tio 
327.4 



Continued. 



PROBLEM 4.72 (Cont.) 



COMMENTS: (1) If the temperature gradients were excessive across the foil, it would wrinkle; most 
likely since its edges are constrained, the foil will bow. 

(2) The IHT workspace for the finite-difference analysis follows: 
// The nodal equations: 

T1 = ( (T2 + T2) + A1 * Tsur + B *q"s ) / ( A1 + 2) 

A1=2*hr1 * deltax A 2 / (k * t) 

hr1 = eps * sigma * (Tsur + T1 ) * (Tsur A 2 + T1 A 2) 

sigma = 5.67e-8 

B = deltax A 2 / (k * t) 

T2 = ( (T1 + T3) + A2 * Tsur + B *q"s ) / ( A2 + 2) 

A2= 2 * hr2 * deltax A 2 / (k * t) 

hr2 = eps * sigma * (Tsur + T2) * (Tsur A 2 + T2 A 2) 

T3 = ( (T2 + T4) + A3 * Tsur + B *q"s ) / ( A3 + 2) 

A3= 2 * hr3 * deltax A 2 / (k * t) 

hr3 = eps * sigma * (Tsur + T3) * (Tsur A 2 + T3 A 2) 

T4 = ( (T3 + T5) + A4 * Tsur + B *q"s ) / ( A4 + 2) 

A4= 2 * hr4 * deltax A 2 / (k * t) 

hr4 = eps * sigma * (Tsur + T4) * (Tsur A 2 + T4 A 2) 

T5 = ( (T4 + T6) + A5 * Tsur + B *q"s ) / ( A5 + 2) 

A5= 2 * hr5 * deltax A 2 / (k * t) 

hr5 = eps * sigma * (Tsur + T5) * (Tsur A 2 + T5 A 2) 

T6 = ( (T5 + T7) + A6 * Tsur + B *q"s ) / ( A6 + 2) 

A6= 2 * hr6 * deltax A 2 / (k * t) 

hr6 = eps * sigma * (Tsur + T6) * (Tsur A 2 + T6 A 2) 

T7 = ( (T6 + T8) + A7 * Tsur + B *q"s ) / ( A7 + 2) 

A7= 2 * hr7 * deltax A 2 / (k * t) 

hr7 = eps * sigma * (Tsur + T7) * (Tsur A 2 + T7 A 2) 

T8 = ( (T7 + T9) + A8 * Tsur + B *q"s ) / ( A8 + 2) 

A8= 2 * hr8 * deltax A 2 / (k * t) 

hr8 = eps * sigma * (Tsur + T8) * (Tsur A 2 + T8 A 2) 

T9 = ( (T8 + T1 0) + A9 * Tsur + B *q"s ) / ( A9 + 2) 

A9= 2 * hr9 * deltax A 2 / (k * t) 

hr9 = eps * sigma * (Tsur + T9) * (Tsur A 2 + T9 A 2) 

T1 0 = ( (T9 + Tsink) + A1 0 * Tsur + B *q"s ) / ( A1 0 + 2) 

A10=2*hr10*deltax A 2/(k*t) 

hr10 = eps * sigma * (Tsur + T10) * (Tsur A 2 + T10 A 2) 

// Assigned variables 

deltax = L / 10 // Spatial increment, m 

L = 0.150 // Foil length, m 

t = 0.00025 // Foil thickness, m 

eps = 0.45 // Emissivity 

Tsur = 300 // Surroundings temperature, K 

k = 40 // Foil thermal conductivity, W/m.K 

Tsink = 300 // Sink temperature, K 

q"s = 600 // Ion beam heat flux, W/m A 2 

/* Data Browser results: Temperature distribution (K) and linearized radiation cofficients 
(W/m A 2.K): 



T1 


T2 


T3 


T4 


T5 


T6 


T7 


T8 


T9 


T10 


374.1 


374 


373.5 


372.5 


370.9 


368.2 


363.7 


356.6 


345.3 


327.4 


hr1 


hr2 


hr3 


hr4 


hr5 


hr6 


hr7 


hr8 


hr9 


hr10 


3.956 


3.953 


3.943 


3.926 


3.895 


3.845 


3.765 


3.639 


3.444 


3.157 7 



PROBLEM 4.73 



KNOWN: Electrical heating elements with known dissipation rate embedded in a ceramic plate of 
known thermal conductivity; lower surface is insulated, while upper surface is exposed to a convection 
process. 

FIND: (a) Temperature distribution within the plate using prescribed grid spacing, (b) Sketch isotherms 
to illustrate temperature distribution, (c) Heat loss by convection from exposed surface (compare with 
element dissipation rate), (d) Advantage, if any, in not setting Ax = Ay, (e) Effect of grid size and 
convection coefficient on the temperature field. 



SCHEMATIC: 



r 



Heating 
element 
50 W/m 

Ceramic plate 
k=2 W/m-K 



7-00 = 30 00 
h = 100 W/m 2 -K 



<7a L . 



J Ay q\ 



Ax 




Symmetry 



'1 I 
I 


2 I 3} 


"4 i ' 

~l 


5 I 61 


z__j___: 

.10 I 


8 A 

.11 I 12l 




Ay =2 mm 



Ax = 6 mm 



(e) 



Symmetry 
adiabat 

<tht. 





1 


2 


3 


4 


5 


6 


7 




8 


9 


10 


11 


12 


13 


14 


> 


15 


16 


17 


18 


19 


20 


21 


mm 


22 


23 


24 


25 


26 


27 


28 


y 








Ax = 2 mm— 


* 





adiabat 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction in ceramic plate, (2) Constant 
properties, (3) No internal generation, except for Node 7 (or Node 15 for part (e)), (4) Heating element 
approximates a line source of negligible wire diameter. 

ANALYSIS: (a) The prescribed grid for the symmetry element shown above consists of 12 nodal points. 
Nodes 1-3 are points on a surface experiencing convection; nodes 4-6 and 8-12 are interior nodes. Node 
7 is a special case of the interior node having a generation term; because of symmetry, q^t = 25 W/m. 
The finite-difference equations are derived as follows: 



Continued. 



PROBLEM 4.73 (Cont.) 



Surface Node 2. From an energy balance on the prescribed control volume with Ax/ Ay = 3, 
E; 



^in- E out = q a +qb+qc+qd =°; 



k Ay + h Ax ( Tqo _ T2 } + k Ay M + k Ax 2sz22 =() . 



Ax 

Regrouping, find 

( 

Ax 

T 2 1 + 2N — + 1 + 2 
Ay 



Ax 



V A Yy 



= T 1 +T 3 + 2 



^Ax^ 2 



Ay 



T 5 + 2N— T ( 



Ay 



GO 



where N = hAx/k = 100 W/m-K x 0.006 mil W/m-K = 0.30 K. Hence, with X*, = 30°C, 

T 2 = 0.04587^ +0.04587T 3 +0.82569T 5 +2.4771 
From this FDE, the forms for nodes 1 and 3 can also be deduced. 

Interior Node 7. From an energy balance on the prescribed control volume, with Ax/ Ay = 3, 
E[ n - Eg = 0 , where Eg = 2 and Ej n represents the conduction terms. Hence, 

qa +qb +qc +q a + 2 qht =o,or 

kAy^^ + kAx^^ + kAy^^ + kAx^^l + lq^ =0 



Ax 



Ay 



Ax 



Ay 



Regrouping, 



1 + 



Ax 

v A yy 



\ 2 

+ 1+ 



Ax 

v A yy 



\ 2 



\ 2 



Ax 

v A yy 



T 4 +T 8 + 



\ 2 



Ax 



Tl0 + 



2qhtfAx A 
k ^Ay y 



(1) 



Recognizing that Ax/ Ay = 3, q^t = 25 W/m and k = 2 W/m-K, the FDE is 

T 7 = 0.0500T 8 + 0.4500T 4 + 0.0500T 8 + 0.4500T 10 + 3.7500 (2) 

The FDEs for the remaining nodes may be deduced from this form. Following the procedure described in 
Section 4.5.2 for the Gauss-Seidel method, the system of FDEs has the form: 



.k-1 



k-1 



Tj =0.09174T2 +0.8257T4 +2.4771 
T k = 0.04587T k + 0.04587T 3 k_1 + 0.8257T 5 k ~ 1 + 2.4771 
T 3 k = 0.09174T k + 0.8257Tg _1 + 2.4771 
T k = 0.4500T k +0.1000T 5 k_1 + 0.4500T ? k ~ 1 
T 5 k = 0.4500T k + 0.0500T k + 0.0500T k_1 + 0.4500T k_1 
0.4500T 3 k +0.1000T 5 k +0.4500T 9 k_1 
0.4500T k + 0.1000T 8 k_1 + O^SOOT^" 1 + 3.7500 
0.4500T 5 k + 0.0500T k + 0.0500T 9 k_1 + 0.4500T k f 1 
0.4500Tg + 0.1000T 8 k + O^SOOT^ 1 



T 6 k 



T7 = 



T 9 k 

Tjq = 0.9000T 7 k + 0.1000T k f 1 

= 0.9000T g k +0.0500T 1 k 3 ~ 1 +0.0500T 1 k f 1 
T k 2 = 0.9000T 9 k +0.10001^ 
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PROBLEM 4.73 (Cont.) 



Note the use of the superscript k to denote the level of iteration. Begin the iteration procedure with 
rational estimates for Tj (k = 0) and prescribe the convergence criterion as s < 0. 1 K. 



k/Tj 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


0 


55.0 


50.0 


45.0 


61.0 


54.0 


47.0 


65.0 


56.0 


49.0 


60.0 


55.0 


50.0 


1 


57.4 


51.7 


46.0 


60.4 


53.8 


48.1 


63.5 


54.6 


49.6 


62.7 


54.8 


50.1 


2 


57.1 


51.6 


46.9 


59.7 


53.2 


48.7 


64.3 


54.3 


49.9 


63.4 


54.5 


50.4 


'GO 


55.80 


49.93 


47.67 


59.03 


51.72 


49.19 


63.89 


52.98 


50.14 


62.84 


53.35 


50.46 



The last row with k = <x> corresponds to the solution obtained by matrix inversion. It appears that at least 
20 iterations would be required to satisfy the convergence criterion using the Gauss-Seidel method. 

(b) Selected isotherms are shown in the sketch of the nodal network. 

1. 2 




59.0 °C 



Note that the isotherms are normal to the adiabatic surfaces, 
(c) The heat loss by convection can be expressed as 



= h 



^ Ax (T : - T^ ) + Ax (T 2 - T^ ) + - Ax (T 3 - T^ ) 



lOOW/m -Kx0.006m 



^-(55.80 - 30) + (49.93 - 30) + ^-(47.67 - 30 ) 



25.00 W/m. < 



As expected, the heat loss by convection is equal to the heater element dissipation. This follows from the 
conservation of energy requirement. 

(d) For this situation, choosing Ax = 3Ay was advantageous from the standpoint of precision and effort. If 
we had chosen Ax = Ay = 2 mm, there would have been 28 nodes, doubling the amount of work, but with 
improved precision. 

(e) Examining the effect of grid size by using the Finite-Difference Equations option from the Tools 
portion of the IHT Menu, the following temperature field was computed for Ax = Ay = 2 mm, where x 
and y are in mm and the temperatures are in °C. 



y\x 


0 


2 


4 


6 


8 


10 


12 


0 


55.04 


53.88 


52.03 


50.32 


49.02 


48.24 


47.97 


2 


58.71 


56.61 


54.17 


52.14 


50.67 


49.80 


49.51 


4 


66.56 


59.70 


55.90 


53.39 


51.73 


50.77 


50.46 


6 


63.14 


59.71 


56.33 


53.80 


52.09 


51.11 


50.78 
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PROBLEM 4.73 (Cont.) 



Agreement with the results of part (a) is excellent, except in proximity to the heating element, where T 15 = 
66.6°C for the fine grid exceeds T 7 = 63.9°C for the coarse grid by 2.7°C. 

For h = 10 W/m 2 -K, the maximum temperature in the ceramic corresponds to T 15 = 254°C, and the heater 
could still be operated at the prescribed power. With h = 10 W/m 2 -K, the critical temperature of Ti 5 = 
400°C would be reached with a heater power of approximately 82 W/m. 

COMMENTS: (1) The method used to obtain the rational estimates for T (k = 0) in part (a) is as 
follows. Assume 25 W/m is transferred by convection uniformly over the surface; find T sur f « 50°C. 

Set T 2 = 50°C and recognize that Ti and T 3 will be higher and lower, respectively. Assume 25 W/m is 
conducted uniformly to the outer nodes; find T 5 - T 2 « 4°C. For the remaining nodes, use intuition to 
guess reasonable values. (2) In selecting grid size (and whether Ax = Ay), one should consider the region 
of largest temperature gradients. Predicted values of the maximum temperature in the ceramic will be 
very sensitive to the grid resolution. 

NOTE TO INSTRUCTOR: Although the problem statement calls for calculations with Ax = Ay = 1 
mm, the instructional value and benefit-to-effort ratio are small. Hence, consideration of this grid size is 
not recommended. 



PROBLEM 4.74 



KNOWN: Silicon chip mounted in a dielectric substrate. One surface of system is convectively 
cooled while the remaining surfaces are well insulated. 

FIND: Whether maximum temperature in chip will exceed 85°C. 

SCHEMATIC: 



%,-ZO'C , 

H-lZmm N 



Substrate, 



k 2.7 mm — H 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Negligible 
contact resistance between chip and substrate, (4) Upper surface experiences uniform convection 
coefficient, (5) Other surfaces are perfectly insulated. 

ANALYSIS: Performing an energy balance on the chip assuming it is perfectly insulated from the 
substrate, the maximum temperature occurring at the interface with the dielectric substrate will be, 
according to Eqs. 3.43 and 3.46, 



q(H/4) 2 q(H/4) 10 7 W/m 3 ( 0.003 m) 2 10 7 W/m 3 (0.003 m) 



'max 



+ 20 C = 80.9 C. 



2k„ 



2x50 W/m-K 



500 W/m • K 



Y *j * 



Since T max < 85°C for the assumed situation, for the actual two-dimensional situation with the 
conducting dielectric substrate, the maximum temperature should be less than 80°C. 

Using the suggested grid spacing of 3 mm, construct the 
nodal network and write the finite-difference equation for 
each of the nodes taking advantage of symmetry of the 
system. Note that we have chosen to not locate nodes on 
the system surfaces for two reasons: (1) fewer total 
number of nodes, 20 vs. 25, and (2) Node 5 corresponds 
to center of chip which is likely the point of maximum 
temperature. Using these numerical values, 



? .* s . 8 

i J' J& .» J* 

.1* J7 .18 J? i»I 



9 77777777777777? P77 > * 



hAx 500 W/m z • K x 0.003 m 



5 W/m-K 



hAx 500 W/m z • K x 0.003 m 



= 0.30 



^c 

qAxAy 



5 W/m • K 



= 1.800 



find the nodal equations: 



a = 



= 0.030 fi 



(k s /k c ) + l 
2 

: (k c /k s ) + l 
1 



5/50 + 1 

2_ 

"50/5 + 1 



= 1.818 



= 0.182 



k c /k s +l 



= 0.0910 



Node 1 



k s Ax T6 a Tl + k s Ay T2 a Tl + hAx (T^ 



Ay 



Ax 



■Ti) = 0 
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PROBLEM 4.74 (Cont.) 



T 1+ T 2 +T 6 =- — -2.30T 1+ T 2+ T 6 =-6.00 (1) 



hAx 
2 + 



Node 2 Tj - 3.3T 2 + T 3 + T 7 = -6.00 (2) 

Node 3 

k s Ay Tl T3 + T4 Tg + k s Ax Tg ^ + hAx (TL - T 3 ) = 0 

Ax (Ax/2)/k c Ay + (Ax/2)/k s Ay Ay 

T 2 - (2 + a + (hAx/k s ) T 3 ) + ccT 4 + T 8 = - (hAx/k)^ 

T 2 - 4.12T 3 +1.82T 4 + T 8 = -6.00 (3) 

Node 4 

(Ax/2)/k s Ay + (Ax/2)/k c Ay Ax (Ay/2)/k s Ax + (Ay/2)k c Ax 

+q(AxAy) + hAx(T oo -T 4 ) = 0 
/TT 3 - ( 1 + 2/3 + [hAx/k c ] ) T 4 + T 5 + /31 9 = - ( hAx/k c ) - qAxAy/k c 

0.182T 3 -1.39T 4 +T 5 +0.182T 9 = -2.40 (4) 

Node 5 

k c Ay + Tl0 " T5 + h ( Ax/2)(T 00 - T 5 ) + qAy (Ax/2) = 0 

Ax (Ay/2)/k s (Ax/2) + (Ay/2)/k c (Ax/2) 

2T 4 - 2.21T 5 + 0. 182T 10 = -2.40 (5) 

Nodes 6 and 11 

k s Ax(T 1 -T 6 )/Ay + k s Ay(T 7 -T 6 )/Ax + k s Ax(T 11 -T 6 )/Ay = 0 

Ti-3T 6 +T 7 +T n =0 T 6 -3T 11+ T 12+ T 16 =0 (6,11) 
Nodes 7, 8, 12, 13, 14 Treat as interior points, 

T 2 +T 6 -4T 7 +T 8 +T 12 =0 T 3 +T 7 -4T 8+ T 9 +T 13 =0 (7,8) 
T 7+ T 11 -4T 12+ T 13+ T 17 =0 T 8+ T 12 -4T 13+ T 14+ T 18 =0 (12,13) 
T 9+ T 13 -4T 14+ T 15+ T 19 =0 (14) 

Node 9 

k Ay VzX Iiz^ + k A Soz29 +k Ax ^4JL I 9 = o 

Ax (Ay/2)/k c Ax + (Ay/2)/k s Ax Ax Ay 

1.82T 4 + T 8 - 4.82T 9 + T 10 + T 14 = 0 (9) 

Node 10 Using the result of Node 9 and considering symmetry, 

1.82T 5 +2T 9 -4.82T 10 +T 15 =0 (10) 

Node 15 Interior point considering symmetry T 10 +2T 14 -4T 15 +T 20 = 0 (15) 

Node 16 By inspection, T n - 2T 16 + T 17 = 0 (16) 
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PROBLEM 4.74 (Cont.) 



Nodes 17, 18, 19, 20 

T 12 +T 16 -3T 17 +T 18 = 0 T 13 +T 17 -3T 18 +T 19 =0 (17,18) 

T 14 +T 18 -3T 19 +T 20 = 0 T 15 + 2T 19 -3T 20 = 0 (19,20) 

Using the matrix inversion method, the above system of finite-difference equations is written in matrix 
notation, Eq. 4.48, [A][T] = [C] where 
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and the temperature distribution (°C), in geometrical representation, is 
34.46 36.13 40.41 45.88 46.23 
37.13 38.37 40.85 43.80 44.51 
38.56 39.38 40.81 42.72 42.78 
39.16 39.77 40.76 41.70 42.06 

The maximum temperature is T5 = 46.23°C which is indeed less than 85°C. < 

COMMENTS: (1) The convection process for the energy 

balances of Nodes 1 through 5 were simplified by assuming r^T^hS I ^conv 

the node temperature is also that of the surface. Considering r — — , 

Node 2, the energy balance processes for q a , q^ and q c are J * # _L> 2 « 4 ■ 3 «V 

identical (see Eq. (2)); however, I ^! t J 

V .V 

W = l/hTAy/2k* h(T "" T2) 

2 -4 

where hAy/2k = 5 W/m -KxO.003 m/2x50 W/m-K = 1.5x10 « 1. Hence, for this situation, the 
simplification is justified. 



PROBLEM 4.75 



KNOWN: Electronic device cooled by conduction to a heat sink. 

FIND: (a) Beginning with a symmetrical element, find the thermal resistance per unit depth between the 
device and lower surface of the sink, R[ (m-K/W) using a coarse (5x5) nodal network, determine 

R( c j_ s ; (b) Using nodal networks with finer grid spacings, determine the effect of grid size on the 

precision of the thermal resistance calculation; (c) Using a fine nodal network, determine the effect of 
device width on R[ with w d /w s = 0.175, 0.275, 0.375 and 0.475 keeping w s and L fixed. 



SCHEMATIC: 



Wtf = 18 mm 



T 

L = 24 mm 

1 



[<-w s = 48mm-*j 



Device, T d = 85 °C 




Sink material 
k= 300 W/rn-K 



Cool surface, T s = 25 °C 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, and (3) No 
internal generation, (4) Top surface not covered by device is insulated. 



ANALYSIS: (a) The coarse 5x5 
nodal network is shown in the sketch 
including the nodes adjacent to the 
symmetry lines and the adiabatic 
surface. As such, all the finite- 
difference equations are interior 
nodes and can be written by 
inspection directly onto the IHT 
workspace. Alternatively, one could 
use the IHT Finite-Difference 
Equations Tool. The temperature 
distribution (°C) is tabulated in the 
same arrangement as the nodal 
network. 

85.00 85.00 
65.76 63.85 
50.32 49.17 
37.18 36.70 
25.00 25.00 



10 
15 



14 1 



15 



11 



16 



12 



17 



8. 



3l 



Adibatic plane 
2 



13i 12 



18| 17, 



1 



Symmetry line 



y, 



Ax = Ay 
Ax = 6 mm 



62.31 
55.49 
45.80 
35.47 
25.00 



53.26 
50.00 
43.06 
34.37 
25.00 



50.73 
48.20 
42.07 
33.95 
25.00 



The thermal resistance between the device and sink per unit depth is 
T d "T s 



s-d =■ 



2qJ, 



ot 



Continued. 



PROBLEM 4.75 (Cont.) 



Performing an energy balance on the device nodes, find 



qiot =qa+qb+qc 



q; ot =k(Ay/2)5^ + kAx5^ + k(A X /2) Td T 4 



fl'tot 

j ^ 7 1 
'd L— m — 9 -~s*ss s s 

1 1 «' 



IP 



Ax 



Ay 



Ay 



q' tot - 300 W/m • K [(85 - 62.3 l)/2 + (85 - 63.85) + (85 - 65.76) /l] K = 1 .263 x 10 4 W/m 
(85-25)K 



R 



t,s-d - 



= 2.38x10 J m-K/W 



2x1.263x10" W/m 

(b) The effect of grid size on the precision of the thermal resistance estimate should be tested by 
systematically reducing the nodal spacing Ax and Ay. This is a considerable amount of work even with 
IHT since the equations need to be individually entered. A more generalized, powerful code would be 
required which allows for automatically selecting the grid size. Using FEHT, a finite-element package, 
with eight elements across the device, representing a much finer mesh, we found 

R ts-d =3.64xlO" 3 m-K/W 



(c) Using the same tool, with the finest mesh, the thermal resistance was found as a function of w d /w s with 
fixed w s and L. 

n t,d-s 



(m-K/W) 10 
8 
6 
4 
2 
0 




Spreading 
effect 



FVs,i/ = 4.44X10- 3 
R t,d-s,ii = 1.66 x 10" 3 



i i i i i 



0 



0.2 



0.4 



0.6 



wd/ws 



As expected, as w d increases, R( decreases, and eventually will approach the value for the 

rectangular domain (ii). The spreading effect is shown for the base case, Wd/w s = 0.375, where the 
thermal resistance of the sink is less than that for the rectangular domain (i). 

COMMENTS: It is useful to compare the results for estimating the thermal resistance in terms of 
precision requirements and level of effort, 

R t,d-s x ia? (m-K/W) 



Rectangular domain (i) 4.44 

Flux plot 3.03 

Rectangular domain (ii) 1.67 

FDE, 5x5 network 2.38 

FEA, fine mesh 3.64 



PROBLEM 4.76 

KNOWN: Nodal network and boundary conditions for a water-cooled cold plate. 

FIND: (a) Steady-state temperature distribution for prescribed conditions, (b) Means by which operation 
may be extended to larger heat fluxes. 

SCHEMATIC: 



► x 



i 

j 

i 
i 
i 
i 



Too= 15 °C 

/? = 5000W/m 2 -K 



Ax = 2.5 mm 



14 15 



19 



20 



24 1 25 



11 



16 



1 t 
i 

i 

j 

i 



i 12* 

I 



17 



21 



26 



22 



27 



10 



= 10 5 W/m 2 



13 



18 



23 



28 



Ay = 4 mm 



k = 190 W/m-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant properties. 

ANALYSIS: Finite-difference equations must be obtained for each of the 28 nodes. Applying the 
energy balance method to regions 1 and 5, which are similar, it follows that 

Node 1: (Ay/Ax)T 2 +(Ax/Ay)T 6 -[(Ay/Ax) + (Ax/Ay)] Ti = 0 
Node 5: (Ay/Ax)T 4 + (Ax/Ay)T 10 - [(Ay /Ax) + (Ax/Ay)]T 5 = 0 

Nodal regions 2, 3 and 4 are similar, and the energy balance method yields a finite-difference equation of 
the form 

Nodes 2,3,4: 

(Ay/Ax)(T m _ 1)n +T m+1)n ) + 2(Ax/Ay)T m)n _ 1 -2[(Ay/Ax) + (Ax/Ay)]T m)n =0 

Energy balances applied to the remaining combinations of similar nodes yield the following finite- 
difference equations. 

Continued... 



PROBLEM 4.76 (Cont.) 

Nodes 6, 14: (Ax/Ay) Tj +(Ay/Ax)T 7 - [(Ax/Ay) + (Ay/Ax) + (hAx/k)] T 6 =-(hAx/k)T 00 

(Ax/Ay)T 19 +(Ay/Ax)T 15 -[(Ax/Ay) + (Ay/Ax) + (hAx/k)]T 14 = -(hAx/k)T 00 
Nodes 7, 15: (Ay/Ax)(T 6 +T 8 ) + 2(Ax/Ay)T 2 -2[(Ay/Ax) + (Ax/Ay) + (hAx/k)]T 7 = -(2hAx/k)T 00 

( Ay/ Ax) (T 14 + T 16 ) + 2 (Ax/Ay) T 20 - 2 [(Ay/ Ax) + (Ax/Ay) + (hAx/k)] T 15 = -(2hAx/k) 
Afofey 8, 76: (Ay/Ax)T 7 +2(Ay/Ax)T 9 +(Ax/Ay)T n +2(Ax/Ay)T 3 -[3(Ay/Ax) + 3(Ax/Ay) 

+ (h/k)(Ax + Ay)]T 8 =-(h/k)(Ax + Ay)T 00 
(Ay/Ax)T 15 +2(Ay/Ax)T 17 +(Ax/Ay)T 11 + 2(Ax/Ay)T 21 -[3(Ay/Ax) + 3(Ax/Ay) 
+ (h/k)(Ax + Ay)]T 16 = -(h/k)(Ax + Ay)^ 
Node 11: (Ax/Ay)T 8 +(Ax/Ay)T 16 + 2(Ay/Ax)T 12 -2[(Ax/Ay) + (Ay/Ax) + (hAy/k)]T 11 = -(2hAy/k)T 00 
Nodes 9, 12, 17, 20, 21, 22: 

(Ay/Ax)T m _ l n +( Ay/Ax) T m+U + (Ax/Ay)T m n+1 + (Ax/Ay)^^ - 2 [(Ax/Ay) + (Ay/Ax)] T m n = 0 

Nodes 10, 13, 18, 23: 

(Ax/A y )T n+1>m+ (Ax/A y )T n _ lm +2(Ay/Ax)T m _ u -2[(Ax/A y ) + (Ay/Ax )]T mn =0 

Afode 19: (Ax/Ay)T 14 + (Ax/Ay)T 24 + 2(Ay/Ax)T 20 -2[(Ax/Ay) + (Ay/Ax)]T 19 =0 

Nodes 24, 28: (Ax/Ay)T 19 + (Ay/Ax)T 25 -[(Ax/Ay) + (Ay/Ax)]T 24 = -(q^Ax/k) 

(Ax/Ay)T 23 +(Ay/Ax)T 27 -[(Ax/Ay) + (Ay/Ax)]T 28 ^-(q;Ax/k) 
Nodes 25, 26, 27: 

(Ay/Ax)T m _ ln + (Ay/Ax) T m+ln+ 2 (Ax/Ay) T mn+1 - 2 [(Ax/Ay) + (Ay/Ax )]T mn = -(2q>/k) 

Evaluating the coefficients and solving the equations simultaneously, the steady-state temperature 
distribution (°C), tabulated according to the node locations, is: 



23.77 


23.91 


24.27 


24.61 


24.74 


23.41 


23.62 


24.31 


24.89 


25.07 






25.70 


26.18 


26.33 


28.90 


28.76 


28.26 


28.32 


28.35 


30.72 


30.67 


30.57 


30.53 


30.52 


32.77 


32.74 


32.69 


32.66 


32.65 



Alternatively, the foregoing results may readily be obtained by accessing the IHT Tools pad and using the 
2-D, SS, Finite-Difference Equations options (model equations are appended). Maximum and minimum 
cold plate temperatures are at the bottom (T24) and top center (Ti) locations respectively. 

(b) For the prescribed conditions, the maximum allowable temperature (T 2 4 = 40°C) is reached when q^ 

= 1.407 x 10 5 W/m 2 (14.07 W/cm 2 ). Options for extending this limit could include use of a copper cold 
plate (k « 400 W/m-K) and/or increasing the convection coefficient associated with the coolant. With k = 
400 W/m-K, a value of q" Q = 17.37 W/cm 2 may be maintained. With k = 400 W/m-K and h = 10,000 

W/m 2 -K (a practical upper limit), q£, = 28.65 W/cm 2 . Additional, albeit small, improvements may be 
realized by relocating the coolant channels closer to the base of the cold plate. 

COMMENTS: The accuracy of the solution may be confirmed by verifying that the results satisfy the 
overall energy balance 

c£ (4Ax) = h [(Ax/2) (T 6 - T^ ) + Ax (T 7 - T^ ) + ( Ax + Ay ) (T 8 - T^ )/2 

+Ay (Tj j - T^ ) + ( Ax + Ay) (T 16 - T^ )/2 + Ax (T 15 - T^ ) + ( Ax/2) (T 14 - T^ )] . 



PROBLEM 4.77 



KNOWN: Heat sink for cooling computer chips fabricated from copper with microchannels passing fluid 
with prescribed temperature and convection coefficient. 

FIND: (a) Using a square nodal network with 100 Lxm spatial increment, determine the temperature 
distribution and the heat rate to the coolant per unit channel length for maximum allowable chip 
temperature T c max = 75°C; estimate the thermal resistance betweeen the chip surface and the fluid, 
R' t c _f (m-K/W); maximum allowable heat dissipation for a chip that measures 10 x 10 mm on a side; 

(b) The effect of grid spacing by considering spatial increments of 50 and 25 Lxm; and (c) Consistent with 
the requirement that a + b = 400 urn, explore altering the sink dimensions to decrease the thermal 
resistance. 



SCHEMATIC: 



y\ 



Chip, T r 



T 

a 

+ 

b 

.A.. 









r 












l 




A 





Sink, /(, 



-MicroChannel 



i 



7"„ 



,-■ ,-■ ,-■ ' 



■ Insulation 

\<-w s /2*\<-Wf/2+\ 

ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, and (3) 
Convection coefficient is uniform over the microchannel surface and independent of the channel 
dimensions and shape. 

ANALYSIS: (a) The square nodal network with Ax = Ay = 100 urn is shown below. Considering 
symmetry, the nodes 1, 2, 3, 4, 7, and 9 can be treated as interior nodes and their finite-difference 
equations representing nodal energy balances can be written by inspection. Using the, IHT Finite- 
Difference Equations Tool, appropriate FDEs for the nodes experiencing surface convection can be 
obtained. The IHT code along with results is included in the Comments. Having the temperature 
distribution, the heat rate to the coolant per unit channel length for two symmetrical elements can be 
obtained by applying Newton's law of cooling to the surface nodes, 

lev = 2 [h ( Ay/2 + Ax/2) (T 5 - T^ ) + h ( Ax/2) (T 6 -T 00 ) + h (Ay) (T 8 - T^ ) + h ( Ay/2) (T 10 - T^ )] 

q^ v = 2 x 30, 000 w/ m 2 • K x 100 x 10~ 6 m [(74.02 - 25) + (74.09 - 25)/ 2 + (73.60 - 25) + (73.37 - 25)/ 2] K 
qcv=878W/m < 
The thermal resistance between the chip and fluid per unit length for each microchannel is 
Tc-T^ _ (75-25)° C c _.. in _ 2 . 



R 



t,c-f = 



= 5.69x10 m-K/W 



qc V 878 W/m 

The maximum allowable heat dissipation for a 10 mm x 10 mm chip is 

^6 „,/_2../ nn1 .. nn iu2 



P chip,max =qc xA chip =2.20x10° w/ni x(0.01x0.0l)m / = 220W 
where A chip =10 mm x 10 mm and the heat flux on the chip surface (w f + w s ) is 

qc = Qcv /( w f + w s ) = 878 W/m/(200 + 200) x 10" 6 m = 2.20 x 10 6 w/ m 2 



< 
< 

Continued... 
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PROBLEM 4.77 (Cont.) 



1 i 2 
6 7 
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16| 17. 
21; 



24j 25 



27] 26 



30 j 31, , 32 

^77777777777T 
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(b) To investigate the effect of grid spacing, the analysis was repreated with a spatial increment of 50 ixm 
(32 nodes as shown above) with the following results 

qc V =881W/m R[ c _ f = 5.67x 10" 2 m- K/W < 

2 

Using a finite-element package with a mesh around 25 jam, we found R t c _f = 5.70x10 m-K/W 
which suggests the grid spacing effect is not very significant. 

(c) Requring that the overall dimensions of the symmetrical element remain unchanged, we explored what 
effect changes in the microchannel cross-section would have on the overall thermal resistance, c _f . It 

is important to recognize that the sink conduction path represents the dominant resistance, since for the 
convection process 

R t,cv =V A s =l/(30,000w/m 2 • Kx 600x 10" 6 m) = 5.55x 10" 2 m- K/W 
where - (w f + 2b) - 600 urn. 

Using a finite-element package, the thermal resistances per unit length for three additional channel cross- 
sections were determined and results summarized below. 



MicroChannel (urn) 



R 't, 



x 10 2 



Case 


Height 


Half-width 


(m-K/W) 


A 


200 


100 


5.70 


B 


133 


150 


6.12 


C 


300 


100 


4.29 


D 


250 


150 


4.25 




MicroChannel 



Continued. 



PROBLEM 4.77 (Cont.) 



COMMENTS: (1) The IHT Workspace for the 5x5 coarse node analysis with results follows. 

// Finite-difference equations - energy balances 

// First row - treating as interior nodes considering symmetry 

T1 = 0.25 * ( Tc + T2 + T4 + T2 ) 

T2 = 0.25 * ( Tc + T3 + T5 + T1 ) 

T3 = 0.25 * ( Tc + T2 + T6 + T2 ) 

/* Second row - Node 4 treat as interior node; for others, use Tools: Finite-Difference Equations, 
Two-Dimensional, Steady-State; be sure to delimit replicated q"a = 0 equations. */ 
T4 = 0.25 * ( T1 + T5+ T7 + T5 ) 

/* Node 5: internal corner node, e-s orientation; e, w, n, s labeled 6, 4, 2, 8. 7 

0.0 = fd_2d_ic_es(T5,T6,T4,T2,T8,k,qdot,deltax,deltay,Tinf,h,q"a) 

q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

/* Node 6: plane surface node, s-orientation; e, w, n labeled 5, 5, 3 . 7 

0.0 = fd_2d_psur_s(T6,T5,T5,T3,k,qdot,deltax,deltay,Tinf,h,q"a) 

//q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

/* Third row - Node 7 treat as interior node; for others, use Tools: Finite-Difference Equations, 
Two-Dimensional, Steady-State; be sure to delimit replicated q"a = 0 equations. 7 
T7 = 0.25 * (T4 + T8 + T9 + T8) 

/* Node 8: plane surface node, e-orientation; w, n, s labeled 7, 5, 10. 7 

0.0 = fd_2d_psur_e(T8,T7,T5,T10,k,qdot,deltax,deltay,Tinf,h,q"a) 

//q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

/* Fourth row - Node 9 treat as interior node; for others, use Tools: Finite-Difference Equations, 
Two-Dimensional, Steady-State; be sure to delimit replicated q"a = 0 equations. */ 
T9 = 0.25 * (T7 + T1 0 +T7 + T1 0) 

/* Node 10: plane surface node, e-orientation; w, n, s labeled 9, 8, 8. 7 

0.0 = fd_2d_psur_e(T1 0,T9,T8,T8,k,qdot,deltax,deltay,Tinf,h,q"a) 

//q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 



/* Heat rate per unit length, for two symmetrical elements about one microchannel, 7 

q'cv= 2 * (q'5 + q'6 + q'8 + q'1 0) 

q'5 = h* (deltax / 2 + deltay / 2) * (T5 - Tinf) 

q'6 = h * deltax / 2 * (T6 - Tinf) 

q'8 = h * deltax * (T8 - Tinf) 

q'10 = h "deltax / 2 * (T10 - Tinf) 

/* Thermal resistance between chip and fluid, per unit channel length, 7 

R'tcf = (Tc - Tinf) / q'cv // Thermal resistance, m.K/W 

// Total power for a chip of 10mm x 10mm, Pchip (W), 

q"c = q'cv / (wf + ws) // Heat flux on chip surface, W/m A 2 

Pchip = Achip * q"c // Power, W 

Achip = 0.01 * 0.01 // Chip area, m A 2 

/* Data Browser results: chip power, thermal resistance, heat rates and temperature distribution 

Pchip R'tcf q"c q'cv 
219.5 0.05694 2.195E6 878.1 

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

74.53 74.52 74.53 74.07 74.02 74.09 73.7 73.6 73.53 73.37 7 



// Assigned variables 

// For the FDE functions, 
qdot = 0 
deltax = deltay 
deltay = 100e-6 
Tinf = 25 
h = 30000 

// Sink and chip parameters 
k = 400 
Tc = 75 
wf = 200e-6 
ws = 200e-6 



// Sink thermal conductivity, W/m.K 
// Maximum chip operating temperature, C 
// Channel width, m 
// Sink width, m 



// Volumetric generation, W/m A 3 

// Spatial increments 

// Spatial increment, m 

// MicroChannel fluid temperature, C 

// Convection coefficient, W/m A 2.K 



PROBLEM 4.78 



KNOWN: Longitudinal rib (k = 10 W/m-K) with rectangular cross-section with length L= 8 mm and 
width w = 4 mm. Base temperature T b and convection conditions, and h, are prescribed. 

FIND: (a) Temperature distribution and fin base heat rate using a finite-difference method with Ax = Ay = 
2 mm for a total of 5x3=15 nodal points and regions; compare results with those obtained assuming 
one-dimensional heat transfer in rib; and (b) The effect of grid spacing by reducing nodal spacing to Ax = 
Ay = 1 mm for a total of 9 x 3 = 27 nodal points and regions considering symmetry of the centerline; and 
(c) A criterion for which the one-dimensional approximation is reasonable; compare the heat rate for the 
range 1.5 < L/w < 10, keeping L constant, as predicted by the two-dimensional, finite-difference method 
and the one-dimensional fin analysis. 

SCHEMATIC: 

— * 7^=25 00 
* h = 600 W/m 2 K 



-k= 10 W/m-K 



L = 8 mm 



t 

w = 4mm 

-* *■ x 



6 
10 



7 
11 



8 
12 



Ay = 2mm 



H *\- Ax = 2mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, and (3) Convection coefficient 
uniform over rib surfaces, including tip. 

ANALYSIS: (a) The rib is represented by a 5 x 3 nodal grid as shown above where the symmetry plane 
is an adiabatic surface. The IHT Tool, Finite-Difference Equations, for Two-Dimensional, Steady-State 
conditions is used to formulate the nodal equations (see Comment 2 below) which yields the following 
nodal temperatures (° C) 



45 


39.3 


35.7 


33.5 


32.2 


45 


40.0 


36.4 


34.0 


32.6 


45 


39.3 


35.7 


33.5 


32.2 



Note that the fin tip temperature is 

Tti P =T 12 =32.6°C < 

The fin heat rate per unit width normal to the page, qj m , can be determined from energy balances on the 
three base nodes as shown in the schematic below. 

qkn =qa+qb+qc+qd+qe 

q^=h(Ax/2)(T b -T 00 ) 
q b =k(Ay/2)(T b -T 1 )/Ax 
qc=k(Ay)(T b -T 5 )/Ax 
q^=k(Ay/2)(T b -T 9 )Ax 
q^=h(Ax/2)(T b -T 00 ) 

Continued... 




PROBLEM 4.78 (Cont.) 



Substituting numerical values, find 

qfen = (l2.0 + 28.4 + 50.0 + 28.4 + 12.0)w/m = 130.8W/m < 

Using the IHT Model, Extended Surfaces, Heat Rate and Temperature Distributions for Rectangular, 
Straight Fins, with convection tip condition, the one-dimensional fin analysis yields 



qf =131W/m 



T tip =32.2 C 



(b) With Ax = L/8 = 1 mm and Ax = 1 mm, for a total of 9 x 3 = 27 nodal points and regions, the grid 
appears as shown below. Note the rib centerline is a plane of symmetry. 
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Ax 


= Ay 


- 1 mm 







Using the same IHT FDE Tool as above with an appropriate expression for the fin heat rate, Eq. (1), the 
fin heat rate and tip temperature were determined. 



Ttip (°C) 
qfen (W/m) 



1-D analysis 

32.2 
131 



2-D analysis (nodes) 
(5x3) (9x3) 
32.6 32.6 



131 



129 



< 
< 



(c) To determine when the one-dimensional approximation is reasonable, consider a rib of constant 
length, L = 8 mm, and vary the thickness w for the range 1.5 < L/w < 10. Using the above IHT model for 
the 27 node grid, the fin heat rates for 1-D, qj^ , and 2-D, q^j , analysis were determined as a function of 
w with the error in the approximation evaluated as 
Error(%) = (q2 d -qid)xi00/qi d 




-4 -| 1 1 1 1 1 1 1 1 1 

0 2 4 6 8 10 

Length / width, L/w 

Note that for small L/w, a thick rib, the 1-D approximation is poor. For large L/w, a thin rib which 
approximates a fin, we would expect the 1-D approximation to become increasingly more satisfactory. 
The discrepancy at large L/w must be due to discretization error; that is, the grid is too coarse to 
accurately represent the slender rib. 



PROBLEM 4.79 



KNOWN: Bottom half of an I-beam exposed to hot furnace gases. 



FIND: (a) The heat transfer rate per unit length into the beam using a coarse nodal network (5 x 4) 
considering the temperature distribution across the web is uniform and (b) Assess the reasonableness of 
the uniform web-flange interface temperature assumption. 

SCHEMATIC: 



Web 




Flange 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, and (2) Constant properties. 

ANALYSIS: (a) The symmetrical section of the I-beam is shown in the Schematic above indicating the 
web-flange interface temperature is uniform, T w = 100°C. The nodal arrangement to represent this system 
is shown below. The nodes on the line of symmetry have been shown for convenience in deriving the 
nodal finite-difference equations. 

. Symmetry plane 
r v L Ax = Ay 

Ax = 10 mm 




10 
15 



, 4j, 5, 


i — ■ — t 
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^-12, 




14 i 15. 


16 


17, 


18 


' (5 





Using the IHT Finite-Difference Equations Tool, the set of nodal equations can be readily formulated. 
The temperature distribution (°C) is tabulated in the same arrangement as the nodal network. 



100.00 
166.6 
211.7 
241.4 



100.00 
177.1 
219.5 
247.2 



215.8 
222.4 
241.9 
262.9 



262.9 
255.0 
262.7 
279.3 



284.8 
272.0 
274.4 
292.9 



The heat rate to the beam can be determined from energy balances about the web-flange interface nodes 
as shown in the sketch below. 



Continued. 



PROBLEM 4.79 (Cont.) 




q' w =10W/m-K[(215.8-100)/2 + (l77.1-100) + (l66.6-100)/2]K = 1683W/m < 



(b) The schematic below poses the question concerning the reasonableness of the uniform temperature 
assumption at the web-flange interface. From the analysis above, note that Ti = 215. 8°C vs. T w = 100°C 
indicating that this assumption is a poor one. This L-shaped section has strong two-dimensional behavior. 
To illustrate the effect, we performed an analysis with T w = 100°C located nearly 2 x times further up the 
web than it is wide. For this situation, the temperature difference at the web-flange interface across the 
width of the web was nearly 40°C. The steel beam with its low thermal conductivity has substantial 
internal thermal resistance and given the L-shape, the uniform temperature assumption (T w ) across the 
web-flange interface is inappropriate. 



T 



w - w 



1 



r w =ioo °c, 




PROBLEM 4.80 



KNOWN: Plane composite wall with exposed surfaces maintained at fixed temperatures. Material A 
has temperature-dependent thermal conductivity. 

FIND: Heat flux through the wall (a) assuming a uniform thermal conductivity in material A 
evaluated at the average temperature of the section, and considering the temperature-dependent 
thermal conductivity of material A using (b) a finite-difference method of solution in IHT with a space 
increment of 1 mm and (c) the finite-element method of FEHT. 

SCHEMATIC: 



k 0 = 4.4 W/m-K 
a = 0.008 K" 1 
T 0 = 300 K 



T-, = 600 K 



A 

1 — > x (mm) 



k 0 [1 +a(T-T 0 )] 

k h = 1 W/m-K 



V 



B 

20 25 



Tab 

T 2 = 300 K 



Ti Tab T 2 



Ra 



ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) No thermal contact resistance 
between the materials, and (3) No internal generation. 

ANALYSIS: (a) From the thermal circuit in the above schematic, the heat flux is 

= T t -T 2 = T AB -T 2 
4x R A+ R B R B 

and the thermal resistances of the two sections are 

R A =L A /k A R B =L B /k B (3,4) 

The thermal conductivity of material A is evaluated at the average temperature of the section 

k A =k 0 {l + «[(T 1 +T AB )/2-T 0 ]} (5) 
Substituting numerical values and solving the system of equations simultaneously in IHT, find 



T^ = 563.2 K 



qx = 52.64 kW/m z 



(b) The nodal arrangement for the finite-difference method of solution is shown in the schematic 
below. FDEs must be written for the internal nodes (02 - 10, 12-15) and the A-B interface node (11) 
considering in section A, the temperature-dependent thermal conductivity. 



01 02 03 

• • • • 



T 0 i = 600 K 
I 

L-»x 



k a (T) 



08 09 10 
• • • 

Ax = 1 mm 



11 12 15 
I • • 



16 



T 16 = 300 K 
I 



Interior Nodes, Section A (m = 02, 03 ... 10) 

Referring to the schematic below, the energy balance on node m is written in terms of the heat fluxes 
at the control surfaces using Fourier's law with the thermal conductivity based upon the average 
temperature of adjacent nodes. The heat fluxes into node m are 

Continued 



PROBLEM 4.80 (Cont.) 



qc =k a (m,m + l) 
qd =k a (m-l,m) 



Ax 



Ax 



and the FDEs are obtained from the energy balance written as 

q c +qd=o 

k a (m,m+l) Tm+1 ~ Tm +k a (m-l,m) Tm - 1 ~ Tm ^0 
Ax Ax 

where the thermal conductivities averaged over the path between the nodes are expressed as 
k a (m-l,m) = k 0 {l + a[(T m _ 1 + T m )/2-T 0 ] 

k a (m,m + l) = k 0 {l + a[(T m +T m+1 )/2-T 0 ] 



(1) 
(2) 

(3) 
(4) 

(5) 
(6) 



T m -1 



k a = (m-1,m) 



10 



• i 



11 



k a = (m,m+1) k a = (T 10 ,Tii) 



12 



Interior nodes, Section A 



A-B interface node 



A-B Interface Node 11 

Referring to the above schematic, the energy balance on the interface node, <\' C +(\' A = 0, has the form 



k Tl2zTh +k (io,ll)lozTLI = 0 
Ax Ax 
where the thermal conductivity in the section A path is 

k(l0,ll) = k o {l+[(T 10 +T 11 )/2-T o ]} 
Interior Nodes, Section B (n = 12 ...15) 

Since the thermal conductivity in Section B is uniform, the FDEs have the form 

T n =(T n -l+T n+ i)/2 
And the heat flux in the x-direction is 

q x =k b Tn " A Tn+1 

Ax 



(7) 
(8) 

(9) 
(10) 



Finite-Difference Method of Solution 

The foregoing FDE equations for section A nodes (m = 02 to 10), the AB interface node and their 
respective expressions for the thermal conductivity, k (m, m +1), and for section B nodes are entered 
into the IHT workspace and solved for the temperature distribution. The heat flux can be evaluated 
using Eq. (2) or (10). A portion of the IHT code is contained in the Comments, and the results of the 
analysis are tabulated below. 

- 2 < 

Continued 



Til =Tab =563.2 K 



=52.64 kW/m^ 



PROBLEM 4.80 (Cont.) 

(c) The finite-element method of FEHT can be used readily to obtain the heat flux considering the 
temperature-dependent thermal conductivity of section A. Draw the composite wall outline with 
properly scaled section thicknesses in the x-direction with an arbitrary y-direction dimension. In the 

Specify I Materials Properties box for the thermal conductivity, specify k a as 4.4*[1 + 0.008*(T - 
300)] having earlier selected Set I Temperatures in K. The results of the analysis are 

T AB =563 K qx=52.6kW/m 2 < 

COMMENTS: (1) The results from the three methods of analysis compare very well. Because the 
thermal conductivity in section A is linear, and moderately dependent on temperature, the simplest 
method of using an overall section average, part (a), is recommended. This same method is 
recommended when using tabular data for temperature-dependent properties. 

(2) For the finite-difference method of solution, part (b), the heat flux was evaluated at several nodes 
within section A and in section B with identical results. This is a consequence of the technique for 

averaging k a over the path between nodes in computing the heat flux into a node. 

(3) To illustrate the use of IHT in solving the finite-difference method of solution, lines of code for 
representative nodes are shown below. 

// FDEs - Section A 

k01_02 * (T01-T02)/deltax + k02_03 * (T03-T02)/deltax = 0 
k01_02 = ko * (1 + alpha * ((T01 + T02)/2 - To)) 
k02_03 = ko * (1 + alpha * ((T02 + T03)/2 - To)) 

k02_03 * (T02 - T03)/deltax + k03_04 * (T04 - T03)/deltax = 0 
k03_04 = ko * (1 + alpha * ((T03 + T04J/2 - To)) 

// Interface, node 1 1 

k1 1 * (T1 0 -T1 1 )/deltax + kb * (T1 2 -T1 1 )/deltax =0 
k11 =ko*(1 + alpha * ((T10 + T11)/2 - To)) 

// Section B (using Tools/FDE/One-dimensional/Steady-state) 

/* Node 12: interior node; 7 

0.0 = fd_1d_int(T12, T13, T1 1 , kb, qdot, deltax) 

(4) The solved models for Text Examples 4.3 and 4.4, plus the tutorial of the User's Manual, provide 
background for developing skills in using FEHT. 



PROBLEM 4.81 



KNOWN: Upper surface of a platen heated by hot fluid through the flow channels is used to heat a 
process fluid. 

FIND: (a) The maximum allowable spacing, W, between channel centerlines that will provide a 
uniform temperature requirement of 5°C on the upper surface of the platen, and (b) Heat rate per unit 
length from the flow channel for this condition. 

SCHEMATIC: 



T 2 SeekT 1 -T 2 = 5°C 
k = 15 W/m-K 




T ro ,o = 25°C 



h 0 = 250 W/m 2 -K L = 20 mm ; 




W/2 H< * 



Hot fluid 

Tqqj = 200°C, hi = 500 W/m 2 -K 
Insulation 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction with constant properties, and (2) 
Lower surface of platen is adiabatic. 

ANALYSIS: As shown in the schematic above for a symmetrical section of the platen-flow channel 
arrangement, the temperature uniformity requirement will be met when T] - T2 = 5°C. The maximum 
temperature, Ti, will occur directly over the flow channel centerline, while the minimum surface 
temperature, T2, will occur at the mid-span between channel centerlines. 

We chose to use FEHT to obtain the temperature distribution and heat rate for guessed values of the 
channel centerline spacing, W. The following method of solution was used: (1) Make an initial guess 
value for W; try W = 100 mm, (2) Draw an outline of the symmetrical section, and assign properties 
and boundary conditions, (3) Make a copy of this file so that in your second trial, you can use the 
Draw I Move Node option to modify the section width, W/2, larger or smaller, (4) Draw element lines 
within the outline to create triangular elements, (5) Use the Draw I Reduce Mesh command to generate 
a suitably fine mesh, then solve for the temperature distribution, (6) Use the View I Temperatures 

command to determine the temperatures Tj and T2, (7) If, Ti - T2 ~ 5°C, use the View I Heat Flows 
command to find the heat rate, otherwise, change the width of the section outline and repeat the 
analysis. The results of our three trials are tabulated below. 



Trial 


W(mm) 


Ti (°C) 


T 2 (°C) 


T1-T2 (°C) 


q' (W/m) 


1 


100 


108 


98 


10 




2 


60 


119 


118 


1 




3 


80 


113 


108 


5 


1706 



COMMENTS: (1) In addition to the tutorial example in the FEHT User's Manual, the solved models 
for Examples 4.3 and 4.4 of the Text are useful for developing skills in using this problem-solving 
tool. 

(2) An alternative numerical method of solution would be to create a nodal network, generate the 
finite-difference equations and solve for the temperature distribution and the heat rate. The FDEs 
should allow for a non-square grid, Ax ^ Ay, so that different values for W/2 can be accommodated by 
changing the value of Ax. Even using the IHT tool for building FDEs {Tools I Finite-Difference 
Equations I Steady-State) this method of solution is very labor intensive because of the large number 
of nodes required for obtaining good estimates. 



PROBLEM 4.82 



KNOWN: Silicon chip mounted in a dielectric substrate. One surface of system is convectively 
cooled, while the remaining surfaces are well insulated. See Problem 4.75. Use the finite-element 
software FEHT as your analysis tool. 

FIND: (a) The temperature distribution in the substrate-chip system; does the maximum temperature 
exceed 85°C?; (b) Volumetric heating rate that will result in a maximum temperature of 85°C; and (c) 

Effect of reducing thickness of substrate from 12 to 6 mm, keeping all other dimensions unchanged 

7 3 

with q =1x10 W/m ; maximum temperature in the system for these conditions, and fraction of the 
power generated within the chip removed by convection directly from the chip surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction in system, and (3) 
Uniform convection coefficient over upper surface. 

ANALYSIS: Using FEHT, the symmetrical section is represented in the workspace as two connected 
regions, chip and substrate. Draw first the chip outline; Specify the material and generation 
parameters. Now, Draw the outline of the substrate, connecting the nodes of the interfacing surfaces; 
Specify the material parameters for this region. Finally, Assign the Boundary Conditions: zero heat 
flux for the symmetry and insulated surfaces, and convection for the upper surface. Draw Element 
Lines, making the triangular elements near the chip and surface smaller than near the lower insulated 
boundary as shown in a copy of the FEHT screen on the next page. Use the Draw\Reduce Mesh 
command and Run the model. 

(a) Use the ViewlTemperature command to see the nodal temperatures through out the system. As 
expected, the hottest location is on the centerline of the chip at the bottom surface. At this location, the 
temperature is 



(b) Run the model again, with different values of the generation rate until the temperature at this 
location is T(0, 9 mm) = 85°C, finding 




T(0, 9 mm) = 46.7°C 



< 



q = 2.43xl0 7 W/m 3 



< 



Continued 



PROBLEM 4.82 (Cont.) 
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(c) Returning to the model code with the conditions of part (a), reposition the nodes on the lower 
boundary, as well as the intermediate ones, to represent a substrate that is of 6-mm, rather than 12-mm 
thickness. Find the maximum temperature as 

T(0,3 mm) = 47.5°C < 

Using the ViewlHeat Flow command, click on the adjacent line segments forming the chip surface 
exposed to the convection process. The heat rate per unit width (normal to the page) is 

q C hip,cv = 60.26 W/m 

The total heat generated within the chip is 

qtot =q(L/6xH/4) = lxl0 7 W/m 3 x(0.0045x0.003)m 2 =135 W/m 

so that the fraction of the power dissipated by the chip that is convected directly to the coolant stream 
is 

F = qchip,cv/q'tot =60.26/135 = 45% < 

COMMENTS: (1) Comparing the maximum temperatures for the system with the 12-mm and 6-mm 
thickness substrates, note that the effect of halving the substrate thickness is to raise the maximum 
temperature by less than 1°C. The thicker substrate does not provide significantly improved heat 
removal capability. 

(2) Without running the code for part (b), estimate the magnitude of q that would make T(0, 9 mm) = 
85°C. Did you get q = 2.43xl0 ? W/m 3 ? Why? 



PROBLEM 4S.1 



KNOWN: Long furnace of refractory brick with prescribed surface temperatures and material 
thermal conductivity. 

FIND: Shape factor and heat transfer rate per unit length using the flux plot method 
SCHEMATIC: 

T r -600'C' 

1--60X 

F irnace 
cross - section 




Symmetry /ine-g 



I Han I 




Symmetrical section 



ASSUMPTIONS: (1) Furnace length normal to page, £, » cross-sectional dimensions, (2) Two- 
dimensional, steady-state conduction, (3) Constant properties. 

ANALYSIS: Considering the cross-section, the cross-hatched area represents a symmetrical element. 
Hence, the heat rate for the entire furnace per unit length is 



q' = f = 4fk( Tl -T 2 ) 



(1) 



where S is the shape factor for the symmetrical section. Selecting three temperature increments ( N = 
3), construct the flux plot shown below. 

-Half heat flow 
lane M= 8.5 




From Equation 4S.7, 



and from Equation (1), 



0 Ml S M 8.5 ^ 0 „ . 

S = or - = — = — =2.83 < 

N I N 3 

q' = 4x 2.83x1.2-^(600-60)° C = 7.34 kW/m. < 



COMMENTS: The shape factor can also be estimated from the relations of Table 4. 1. The 
symmetrical section consists of two plane walls (horizontal and vertical) with an adjoining edge. 
Using the appropriate relations, the numerical values are, in the same order, 

S =°^, + 0.54/+°^/ = 3.04/ 



0.5m 



0.5m 



Note that this result compares favorably with the flux plot result of 2.83^. 



PROBLEM 4S.2 



KNOWN: Hot pipe embedded eccentrically in a circular system having a prescribed thermal 
conductivity. 

FIND: The shape factor and heat transfer per unit length for the prescribed surface 
temperatures. 

SCHEMATIC: 

* A.TO l^^ 0 "' hatched region 

^ = ^ mm ~f7~f^^^\ ' s 3 symmetrical section j 

k=0.5W/m-K — 

T Z = 35°C- 

R--40. 




length measured normal 
to page is £. 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) Length 
£ » diametrical dimensions. 

ANALYSIS: Considering the cross-sectional view of the pipe system, the symmetrical 
section shown above is readily identified. Selecting four temperature increments (N = 4), 
construct the flux plot shown below. 



N-- 



T r -150°C 



E=35°C 




For the symmetrical section: 

S 0 =A1///V= ££j=Z.13£ 

For the pipe &ysfe.-m: 



Estimate as 1/Z heat flow lane, 
M = 8.5 



For the pipe system, the heat rate per unit length is 

q' = — = kS (Ti - To ) = 0.5 — x 4.26 (l 50 - 35)° C = 245 W/m. < 
£ V ; m-K V ' 

COMMENTS: Note that in the lower, right-hand quadrant of the flux plot, the curvilinear 
squares are irregular. Further work is required to obtain an improved plot and, hence, obtain a 
more accurate estimate of the shape factor. 



PROBLEM 4S.3 



KNOWN: Structural member with known thermal conductivity subjected to a temperature difference. 



FIND: (a) Temperature at a prescribed point P, (b) Heat transfer per unit length of the strut, (c) Sketch 
the 25, 50 and 75°C isotherms, and (d) Same analysis on the shape but with adiabatic-isothermal 
boundary conditions reversed. 



SCHEMATIC: 




k = 75W/m-K 



T 2 = 0 °C 



^ = 100 °C 




Symmetry 
isotherm 



Insulation 

ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) Constant properties. 



ANALYSIS: (a) When constructing the flux plot, note that the line of symmetry which passes through 
the point P is an isotherm as shown above. It follows that 



T(P) = (Ti+T 2 )/2 = (100 + 0)° C/2 = 50°C. 



(b) The flux plot on the symmetrical section is now constructed to obtain the shape factor from which the 
heat rate is determined. That is, from Equation 4S.6 and 4S.7, 



q = kS(T 1 -T 2 ) and S = M£/N. 

From the plot of the symmetrical section, 

S 0 = 4.2^/4 = 1.051. 
For the full section of the strut, 



(1,2) 



Symmetry line, 
isotherm 



M = M 0 =4.2 



butN = 2N 0 = 8. Hence, 
S = S o /2 = 0.53£ 

and with q' = q/£ , giving 

q'/£ = 75 W/m • K x 0.53 (100 - 0)° C = 3975 W/m . 




T= 100 °C 



f 4 3 2 1^ 
-0.2 Heat lane 



(c) The isotherms for T = 50, 75 and 100°C are shown on the flux plot. The T = 25°C isotherm is 
symmetric with the T = 75°C isotherm. 

(d) By reversing the adiabatic and isothermal boundary conditions, the two-dimensional shape appears as 
shown in the sketch below. The symmetrical element to be flux plotted is the same as for the strut, except 
the symmetry line is now an adiabat. 

Continued... 



PROBLEM 4S.3 (Cont.) 




From the flux plot, find M D = 3.4 and N Q = 4, and from Equation (2) 

S D =M 0 £/N 0 = 3.4^/4 = 0.85£ S = 2S 0 =1.7W 
and the heat rate per unit length from Equation (1) is 

q' = 75 W/m ■ K x 1 .70(100 - 0)° C = 12, 750 W/m < 
From the flux plot, estimate that 

T(P) * 40°C. < 

COMMENTS: (1) By inspection of the shapes for parts (a) and (b), it is obvious that the heat rate for the 
latter will be greater. The calculations show the heat rate is greater by more than a factor of three. 

(2) By comparing the flux plots for the two configurations, and corresponding roles of the adiabats and 
isotherms, would you expect the shape factor for parts (a) to be the reciprocal of part (b)? 



PROBLEM 4S.4 



KNOWN: Relative dimensions and surface thermal conditions of a V-grooved channel. 
FIND: Flux plot and shape factor. 



SCHEMATIC: 




S — Cross section of solid 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) 
Constant properties. 

ANALYSIS: With symmetry about the midplane, only one-half of the object need be 
considered as shown below. 

Choosing 6 temperature increments (N = 6), it follows from the plot that M « 7. Hence from 

Equation 4S.7, the shape factor for the half section is 

M 7 
S = — l = -l = \.\ll. 
N 6 

For the complete system, the shape factor is then 

S = 2.341 < 



PROBLEM 4S.5 



KNOWN: Long conduit of inner circular cross section and outer surfaces of square cross section. 



FIND: Shape factor and heat rate for the two applications when outer surfaces are insulated or 
maintained at a uniform temperature. 



SCHEMATIC: 

Symmetry adiabat 




To 



40 mm 



T, = 50 °C 



T 2 = 20 °C 

-L 



® 



120 mm 



,\\\\\\\\\\\' 
= 150W/m-K 

Symmetry adiabat 

ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties and (3) 
Conduit is very long. 

ANALYSIS: The adiabatic symmetry lines for each of the applications is shown above. Using the flux 
plot methodology and selecting four temperature increments (N = 4), the flux plots are as shown below. 




Estimate 0.2x 



7 



Estimate 
0.3x 



\\\\\\\\\\\\\\\\ 



\ M=1 \ 2\ 3 


41 5/61 


N=l\^V \ 
2\ 












\ 

\ 

\ 

\ 

\ 



For the symmetrical sections, S = 2S 0 , where S 0 = M£ /N and the heat rate for each application is q = 
2(So/^)k(Ti-T 2 ). 



Application 
A 
B 



M 

10.3 
6.2 



N 
4 
4 



2.58 
1.55 



q' (W/m) 

11,588 
6,975 



< 
< 



COMMENTS: (1) For application A, most of the heat lanes leave the inner surface (Ti) on the upper 
portion. 

(2) For application B, most of the heat flow lanes leave the inner surface on the upper portion (that is, 
lanes 1-4). Because the lower, right-hand corner is insulated, the entire section experiences small heat 
flows (lane 6 + 0.2). Note the shapes of the isotherms near the right-hand, insulated boundary and that 
they intersect the boundary normally. 



PROBLEM 4S.6 



KNOWN: Shape and surface conditions of a support column. 

FIND: (a) Heat transfer rate per unit length, (b) Height of a rectangular bar of equivalent 
thermal resistance. 



SCHEMATIC: 





11 



T,*0°C 



ASSUMPTIONS: (l)Steady-state conditions, (2) Negligible three-dimensional conduction 
effects, (3) Constant properties, (4) Adiabatic sides. 



PROPERTIES: Table A-l, Steel, AISI 1010 (323K): k = 62.7 W/m-K. 

M-l 2 345 



ANALYSIS: (a) From the flux plot for the 
half section, M « 5 and N « 8. Hence for the 
full section 



M£ 

S = 2— *1.25i 
q = Sk(T 1 -T 2 ) 



W 



q' * 1 .25 x 62.7 ^—(100 - 0)° C 



m-K 




q'«7.8kW/m. 

(b) The rectangular bar provides for one-dimensional heat transfer. Hence, 
q = kAi^)=k(0.3^) (Tl " T2) 



Hence, 



H = 



H H 

0.3k(T 1 -T 2 ) 0.3m(62.7 W/m-K) (l00°C 



7800 W/m 



= 0.24m. 



COMMENTS: The fact that H < 0.3m is consistent with the requirement that the thermal 
resistance of the trapezoidal column must be less than that of a rectangular bar of the same 
height and top width (because the width of the trapezoidal column increases with increasing 
distance, x, from the top). Hence, if the rectangular bar is to be of equivalent resistance, it 
must be of smaller height. 



PROBLEM 4S.7 



KNOWN: Hollow prismatic bars fabricated from plain carbon steel, lm in length with 
prescribed temperature difference. 

FIND: Shape factors and heat rate per unit length. 

SCHEMATIC: 



/////// 



Outside dimensions 
100x100 mm 

Tnside dimensions 
Z5x ~55mm 




l=300K 




s/sssss/ss/s/v 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) 
Constant properties. 

PROPERTIES: Table A-l, Steel, Plain Carbon (400K), k = 57 W/m-K. 

ANALYSIS: Construct a flux plot on the symmetrical sections (shaded-regions) of each of 
the bars. 



///S////S///////// ///// / 




/;//////////////// //// 




O.SHcai lane 



0.881 



^ 3 £ Symmetry a<//ebsi"*" 

The shape factors for the symmetrical sections are, 
_ Mi 4 M* 3.5 

S °< A= 1T = 4 S °< B= 1T = T 

Since each of these sections is l A of the bar cross-section, it follows that 

S A =4xl£ = 4£ S B = 4x0.88* = 3.5*. 

The heat rate per unit length is q' = q/£ = k (S/i) (T^ - T2 ) , 
W 



qA=57 
q B =57 



m • K 

W 
m-K 



: 4 (500 - 300) K = 45.6 kW/m 
: 3.5 (500 - 300) K = 39.9 kW/m. 



< 
< 



PROBLEM 4S.8 



KNOWN: Two-dimensional, square shapes, 1 m to a side, maintained at uniform temperatures as 
prescribed, perfectly insulated elsewhere. 

FIND: Using the flux plot method, estimate the heat rate per unit length normal to the page if the thermal 
conductivity is 50 W/m-K 

ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: Use the methodology of Section 4S.1 to construct the flux plots to obtain the shape factors 
from which the heat rates can be calculated. With Figure (a), begin at the lower-left side making the 
isotherms almost equally spaced, since the heat flow will only slightly spread toward the right. Start 
sketching the adiabats in the vicinity of the T 2 surface. The dashed line represents the adiabat which 
separates the shape into two segments. Having recognized this feature, it was convenient to identify 
partial heat lanes. Figure (b) is less difficult to analyze since the isotherm intervals are nearly regular in 
the lower left-hand corner. 



sssssssssssss 




sssssssssssss 



0.5xJ 1 2 J 



(a) 




- To 



The shape factors are calculated from Equation 4S.7 and the heat rate from Equation 4S.6. 



S' = 



M 0.5 + 3 + 0.5 + 0.5 + 0.2 



s'=M = M =( ,9o 

N 5 



N 6 
S' = 0.70 

q' = kS'(Ti-T 2 ) q' = kS'(Ti-T 2 ) 

q' = 50 W/m • K x 0.70(100 - 0) K = 3500 W/m q' = 50 W/m • K x 0.90(100 - 0)K = 4500 W/m 



COMMENTS: Using a finite-element package with a fine mesh, we determined heat rates of 4780 and 
4575 W/m, respectively, for Figures (a) and (b). The estimate for the less difficult Figure (b) is within 
2% of the numerical method result. For Figure (a), our flux plot result was 27% low. 



PROBLEM 5.1 

KNOWN: Electrical heater attached to backside of plate while front surface is exposed to 

convection process (To^h); initially plate is at a uniform temperature of the ambient air and 
suddenly heater power is switched on providing a constant q^. 

FIND: (a) Sketch temperature distribution, T(x,t), (b) Sketch the heat flux at the outer 
surface, q'^ (L,t) as a function of time. 

SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible 
heat loss from heater through insulation. 

ANALYSIS: (a) The temperature distributions for four time conditions including the initial 
distribution, T(x,0), and the steady-state distribution, T(x,oo), are as shown above. 

Note that the temperature gradient at x = 0, -dT/dx) x= o, for t > 0 will be a constant since the 
flux, q'x (0), is a constant. Noting that T G = T(0,oo), the steady-state temperature distribution 
will be linear such that 

ff , T d -T(L,go) r 
q 0 =k ^ ^ = h[T(L,co)-T 00 J. 

(b) The heat flux at the front surface, x = L, is given by q" x (L,t) = -k(dT/dx) x _ L . From the 
temperature distribution, we can construct the heat flux-time plot. 




COMMENTS: At early times, the temperature and heat flux at x = L will not change from 
their initial values. Hence, we show a zero slope for q' x (L,t) at early times. Eventually, the 

value of q" x (L,t) will reach the steady-state value which is q^. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.2 

KNOWN: Plane wall whose inner surface is insulated and outer surface is exposed to an 

airstream at T^. Initially, the wall is at a uniform temperature equal to that of the airstream. 
Suddenly, a radiant source is switched on applying a uniform flux, qo, to the outer surface. 

FIND: (a) Sketch temperature distribution on T-x coordinates for initial, steady- state, and 
two intermediate times, (b) Sketch heat flux at the outer surface, q x (L,t), as a function of 
time. 

SCHEMATIC: 




91, whev t>0 



Too 



(3) Steady state, T(x,co) 

(X) Q}\ At intermediate 
^ -|y} times, T(x,t) 




E$~Tmtial condition 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal 
generation, E g = 0, (4) Surface at x = 0 is perfectly insulated, (5) All incident radiant power 

is absorbed and negligible radiation exchange with surroundings. 

ANALYSIS: (a) The temperature distributions are shown on the T-x coordinates and labeled 
accordingly. Note these special features: (1) Gradient at x = 0 is always zero, (2) gradient is 
more steep at early times and (3) for steady-state conditions, the radiant flux is equal to the 
convective heat flux (this follows from an energy balance on the CS at x = L), 

qo =qconv = h [ T (L,oo)-T 00 ]. 



(a) 



q;(L,t) 



x = L 



'conv 



(b) 




(b) The heat flux at the outer surface, q x (L,t), as a function of time appears as shown above. 

COMMENTS: The sketches must reflect the initial and boundary conditions: 

uniform initial temperature. 



T(x,0) = Too 

x=0=° 



d x 
d T 



d x 



=L =h[T(L,t)-T Q0 ]-qJ, 



insulated at x = 0. 
surface energy balance at x = L. 
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PROBLEM 5.3 

KNOWN: Microwave and radiant heating conditions for a slab of beef. 

FIND: Sketch temperature distributions at specific times during heating and cooling. 

SCHEMATIC: 



Sfab of beef of thickness ZL 
with microwave (uni-form 




ww riff ww r w v v »w %j w *~ (ufii i w **w 

>~1 + L interns/) heating or radiant 
j X (uniform surface) heating. 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Uniform internal heat 
generation for microwave, (3) Uniform surface heating for radiant oven, (4) Heat loss from 
surface of meat to surroundings is negligible during the heating process, (5) Symmetry about 
midplane. 

ANALYSIS: 







K J(X) 


Microwave 




-100 /**• 


f 


~ ■\ 

-SO \ 


-L 


0 


r 



"Radiant 




COMMENTS: (1) With uniform generation and negligible surface heat loss, the temperature 
distribution remains nearly uniform during microwave heating. During the subsequent 
surface cooling, the maximum temperature is at the midplane. 

(2) The interior of the meat is heated by conduction from the hotter surfaces during radiant 
heating, and the lowest temperature is at the midplane. The situation is reversed shortly after 
cooling begins, and the maximum temperature is at the midplane. 
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PROBLEM 5.4 



KNOWN: Plate initially at a uniform temperature Tj is suddenly subjected to convection 
process (Too,h) on both surfaces. After elapsed time t Q , plate is insulated on both surfaces. 

FIND: (a) Assuming Bi » 1, sketch on T - x coordinates: initial and steady-state (t — > oo) 

temperature distributions, T(x,t D ) and distributions for two intermediate times t Q < t < oo, (b) 
Sketch on T - 1 coordinates midplane and surface temperature histories, (c) Repeat parts (a) 

and (b) assuming Bi « 1, and (d) Obtain expression for T(x,oo) = Tf in terms of plate 

parameters (M,c p ), thermal conditions (Tj, T^, h), surface temperature T(L,t) and heating 

time t 0 . 



SCHEMATIC: 



Ume y t 



0-+ 0 
f>+o 



■Process 



Uniform if 
Heating, (Xo.ty 
^nsulafed 




(bofh faces) 
Mass M 
T(x,OhT; 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal 
generation, (4) Plate is perfectly insulated for t > t G , (5) T(0, t < t G ) < Too. 

ANALYSIS: (a,b) With Bi » 1, appreciable temperature gradients exist in the plate 
following exposure to the heating process. 




T(x,f) 



T(x,f 0 )®> 
rfx,«>)(D 





rS-T(L,t) 


* 


1 >i 



On T-x coordinates: (1) initial, uniform temperature, (2) steady-state conditions when t — > oo, 
(3) distribution at t G just before plate is covered with insulation, (4) gradients are always zero 
(symmetry), and (5) when t > t G (dashed lines) gradients approach zero everywhere. 

(c) If Bi « 1, plate is space- wise isothermal (no gradients). On T-x coordinates, the 
temperature distributions are flat; on T-t coordinates, T(L,t) = T(0,t). 

(d) The conservation of energy requirement for the interval of time At = t Q is 
E in " E out = AE = E final - E initial 2 £° hA s [t^ - T (L,t)] dt - 0 = Mc p (T f -Tj ) 



where Ej n is due to convection heating over the period of time t = 0 — » t^,. With knowledge of 
T(L,t), this expression can be integrated and a value for Tf determined. 
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PROBLEM 5.5 

KNOWN: Diameter and initial temperature of steel balls cooling in air. 
FIND: Time required to cool to a prescribed temperature. 
SCHEMATIC: 

DtO.Ollm — s^Steel>Ti=1150K 

A VA k*+0W/nrtC 

1 A/ Q a a a f \ ) p=7600kolm* 
T„*3ZSK \\\ V \ J c = 600J/k r K 

h=ZOW/m*-K 1,1 \*_>^ 

ASSUMPTIONS: (1) Negligible radiation effects, (2) Constant properties. 
ANALYSIS: Applying Eq. 5.10 to a sphere (L c = r G /3), 

E . _ hL c _ h(r Q /3) _ 20 W/m 2 -K (0.002m) _ q ^ 
k k 40W/m-K 

Hence, the temperature of the steel remains approximately uniform during the cooling 
process, and the lumped capacitance method may be used. From Eqs. 5.4 and 5.5, 



t = — ^ln-^— 1 »=-^ JJLinl^J™ 

hA s T-Too h^-D 2 T-Tqo 



7800kg/m 3 (0.012m) 600J/kg • K 1150-325 

t = ^ In 

6 x 20 W/m 2 -K 400-325 



t = 1122 s =0.312h 

COMMENTS: Due to the large value of Tj, radiation effects are likely to be significant 
during the early portion of the transient. The effect is to shorten the cooling time. 
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PROBLEM 5.6 



KNOWN: Diameter and initial temperature of steel balls in air. Expression for the air 
temperature versus time. 

FIND: (a) Expression for the sphere temperature, T(t), (b) Graph of T(t) and explanation of 
special features. 

SCHEMATIC: 

D- 0.012 m ' Steel 

C^a^ / \ \ T i = 1150K 

k-40 W.rn-K 

T„ o = 325°C + 0.1875(°C/s)t \ \ J p = 7800 kg/m3 

h = 20W/m 2 -K \ \ / c = 600J/kg-K 



ASSUMPTIONS: (1) Constant properties, (2) Negligible radiation heat transfer. 
PROPERTIES: Given: k = 40 W/m-K, p = 7800 kg/m 3 , c = 600 J/kg-K. 
ANALYSIS: 

(a) Applying Equation 5.10 to a sphere (L c = iJ3), 

B = hL^ = h(r Q /3) = 20 W/m 2 -K (0.002 m) = Q m 
1 k k 40 W/m-K 

Hence, the temperature of the steel sphere remains approximately uniform during the cooling 
process. Equation 5.2 is written, with Too = T Q + at, as 

-hA s (T-T 0 -at) = P Vc^ 
dt 

d9 d9 „,„ , N , „ hA s 




Letting 9 = T - T 0 , dT = d9 and - hA s (9 - at) = pVc — or — = - C(9 - at) where C = 

dt dt pVc 

The solution may be written as the sum of the homogeneous and particular solutions, 
9 = 9 h + 9 p where 9 h = qexpC- Ct). 

Assuming 9 p = f(t)9 h , we substitute into the differential equation to find 
df 

— = Cat exp(Ct)/c! from which f = a (t - 1/C) exp(Ct)/ci. 
dt 

Thus, the complete solution is 

9 = c 1 exp(- Ct) + a(t - 1/C) and applying the initial condition we find 

T = (Tj - T G + a/C) exp(- Ct) + a(t - 1/C) + T 0 < 

Continued.. 
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PROBLEM 5.6 (Cont.) 

(b) The ambient and sphere temperatures for 0 < t < 3600 s are shown in the plot below. 



Sphere and Ambient Temperatures 



1200 



o 



1000 - 



600 - 



800 - 




400 - 



200 



o 



600 



1200 



1800 



2400 



3000 



3600 



time (5) 



Sphere temperature 
Ambient temperature 



Note that: 

(1) For small times (t < 600s) the sphere temperature decreases rapidly, 

(2) at t ~ 1 100 s, T = Too and, from Equation 5.2, dT/dt = 0, 

(3) att >1100 s, T<Too, 

(4) at large time, T - T^ and dT/dt are constant. 

COMMENTS: Unless the air environment of Problem 5.5 is cooled, the air temperature will 
increase in temperature as energy is transferred from the balls. However, the actual air 
temperature versus time may not be linear. 
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PROBLEM 5.7 

KNOWN: The temperature-time history of a pure copper sphere in an air stream. 
FIND: The heat transfer coefficient between the sphere and the air stream. 
SCHEMATIC: 




T(0)=66°C 
T(b1s)--55 0 C 



D-lZ.7mm 



ASSUMPTIONS: (1) Temperature of sphere is spatially uniform, (2) Negligible radiation 
exchange, (3) Constant properties. 

PROPERTIES: Table A-l, Pure copper (333K): p = 8933 kg/m 3 , c p = 389 J/kg-K, k = 398 
W/m-K. 

ANALYSIS: The time-temperature history is given by Eq. 5.6 with Eq. 5.7. 



exp 



V R t C t J 



where 



R t = 



1 



hA c 



A s = n 



C t =pV Cp V: 

^ = T-T 00 . 



n D* 



Recognize that when t = 69s, 

0(t) (55-27)°C 
-±J- = ± '- — = 0.71 

°i (66-27)°C 
and solving for r t find 
r t = 208s. 

Hence, 









f 


69s " 


exp 




= exp 












V 


r t J 



pVcp 8933 kg/m 3 ^0.0127 3 m 3 /6j389J/kg • K 



A s r t 



;z-0.0127 2 m 2 x208s 



h = 35.3 W/m z -K. 
COMMENTS: Note that with L c = D D /6, 

Bi = ^ = 35.3W/m 2 -Kx^ ( ^m/398 W/m-K = 1.88xl0" 4 . 
k 6 

Hence, Bi < 0. 1 and the spatially isothermal assumption is reasonable. 
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PROBLEM 5.8 



KNOWN: Solid steel sphere (AISI 1010), coated with dielectric layer of prescribed thickness and 
thermal conductivity. Coated sphere, initially at uniform temperature, is suddenly quenched in an oil 
bath. 



FIND: Time required for sphere to reach 140°C. 
SCHEMATIC: 



Sphere, D- 300mm 
AISI WW steel, 
T r -T(0)--500X 





T m --100*C 
h = 3300W/m*K 



Dielectric 

klab+w/mK 



mm 



PROPERTIES: Table A-l, AISI 1010 Steel IT = [500 + 140]° C/2 = 320°C » 600K 



p = 7832 kg/nr\ c = 559 J/kg • K, k = 48.8 W/m • K. 

ASSUMPTIONS: (1) Steel sphere is space- wise isothermal, (2) Dielectric layer has negligible 
thermal capacitance compared to steel sphere, (3) Layer is thin compared to radius of sphere, (4) 
Constant properties, (5) Neglect contact resistance between steel and coating. 

ANALYSIS: The thermal resistance to heat transfer from the sphere is due to the dielectric layer and 
the convection coefficient. That is, 



R" 



- + 



1 



0.002m 



+ - 



1 



k h 0.04 W/m -K 3300 W/m 2 -K 



(0.050 + 0.0003) = 0.0503 



m 2 -K 
W 



or in terms of an overall coefficient, U = 1/R" = 19.88 W/m K. The effective Biot number is 

.2 



BL 



UL C _ U(r 0 /3) _ 19.88 W/m z - Kx (0.300 /6)m 



48.8 W/m- K 



0.0204 



where the characteristic length is L c = r Q /3 for the sphere. Since Bi e < 0.1, the lumped capacitance 
approach is applicable. Hence, Eq. 5.5 is appropriate with h replaced by U, 



t = 



pc 
U 



V 



In 



0i_ 



pc 
U 



V 

a7 



In 



T(0)-T a 
T(t)-T a 



Substituting numerical values with (V/A s ) = r Q /3 = D/6, 



7832 kg/m x 559 J/kg • K 



19.88 W/m z -K 



0.300m 



In 



(500- 100)° C 
(140- 100)° C 



t = 25,358s = 7.04h. < 

COMMENTS: (1) Note from calculation of R" that the resistance of the dielectric layer dominates 
and therefore nearly all the temperature drop occurs across the layer. 
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PROBLEM 5.9 



KNOWN: Thickness, surface area, and properties of iron base plate. Heat flux at inner surface. 
Temperature of surroundings. Temperature and convection coefficient of air at outer surface. 

FIND: Time required for plate to reach a temperature of 135°C. Operating efficiency of iron. 

SCHEMATIC: 



Tsur - 25°C 




Tco = 25°C 
h = 10 W/m 2 -K 



Iron 

p = 2800 kg/m3 k = 1 80 W/m-K 
c = 900 J/kg-K e = 0.80 

- q'h = 1.25x10 4 W/m 2 



A s = 0.04 m 2 



L = 0.007 m 



ASSUMPTIONS: (1) Radiation exchange is between a small surface and large surroundings, (2) 
Convection coefficient is independent of time, (3) Constant properties, (4) Iron is initially at room 

temperature (Tj = Too). 

ANALYSIS: Biot numbers may be based on convection heat transfer and/or the maximum heat 
transfer by radiation, which would occur when the plate reaches the desired temperature (T = 135°C). 

From Eq. (1.9) the corresponding radiation transfer coefficient is h r = sa(T +T sur ) |t 2 + T s 2 r j =0.8 x 
5.67 x 10" 8 W/m 2 -K 4 (408 + 298) K (408 2 + 298 2 ) K 2 = 8.2 W/m 2 -K. Hence, 

hL 10W/m 2 -K(0.007m) _ 4 

Bi = — = i ^ = 3.9x10 4 

k 180W/m-K 

h r L 8.2 W/m 2 -K (0.007m) _ 4 

Bi r =^ = ^ ^ = 3.2x10 4 

k 180W/m-K 



With convection and radiation considered independently or collectively, Bi, Bi r , Bi + Bi r « 1 and the 
lumped capacitance analysis may be used. 

The energy balance, Eq. (5.15), associated with Figure 5.5 may be applied to this problem. With 
Eg = 0, the integral form of the equation is 



T-T; =A 
pVc 

Integrating numerically, we obtain, for T = 135°C, 
t = 168s 

COMMENTS: Note that, if heat transfer is by natural convection, h, like h r , will vary during the 
process from a value of 0 at t = 0 to a maximum at t = 168s. 
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PROBLEM 5.10 

KNOWN: Diameter and radial temperature of AISI 1010 carbon steel shaft. Convection 
coefficient and temperature of furnace gases. 

FIND: Time required for shaft centerline to reach a prescribed temperature. 
SCHEMATIC: 



0.05i 



TfOfrSOOK 




-T{r,0)zJ=300K 



T^IZOOK 

h=IOOW/m*K 



ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Constant properties. 
PROPERTIES: AISI 1010 carbon steel, Table A. 1 (T = 550 K) : p = 7832 kg/ m 3 , k = 
51.2 W/m-K, c = 541 J/kg-K, a = 1.21xl0" 5 m 2 /s. 
ANALYSIS: The Biot number is 

hr n /2 100 W/m 2 -K (0.05 m/2) 

Bi = =2i± = V L = 0.0488. 

k 51.2 W/m-K 

Hence, the lumped capacitance method can be applied. From Equation 5.6, 



T-T 



X 



= exp 

T-T 

, f 800- 1200^ 
In 





^hAs^ 






4h 






t 


= exp 


1 






pcD 



, 300 -1200 
t = 859 s. 



-0.811 



4x100 W/m z -K 



7832 kg/m 3 (541 J/kg • K)0.1 m 



COMMENTS: To check the validity of the foregoing result, use the one-term approximation 
to the series solution. From Equation 5.49c, 



T -T 
T-T 



-400 / 9 

= 0.444 = Ci exp -gf Fo 

-900 I 1 



For Bi = hr Q /k = 0.0976, Table 5.1 yields qi = 0.436 and C : = 1.024. Hence 
-(0.436) 2 |l.2xl0 -5 m 2 /s^ 



(0.05 m)' 



t = In (0.434) = -0.835 



t = 915 s. 



The results agree to within 6%. The lumped capacitance method underestimates the actual 
time, since the response at the centerline lags that at any other location in the shaft. 
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PROBLEM 5.11 

KNOWN: Configuration, initial temperature and charging conditions of a thermal energy storage 
unit. 

FIND: Time required to achieve 75% of maximum possible energy storage. Temperature of storage 
medium at this time. 

SCHEMATIC: 



Not gas 
h*100W/m*K 




At 

T(x t o)=Tj =Z5°C 



L^O.OZSm 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible radiation 
exchange with surroundings. 

PROPERTIES: Table A-l, Aluminum, pure |f * 600K = 327°C j : k = 231 W/m-K, c = 1033 
J/kg-K,/?=2702kg/m 3 . 

ANALYSIS: Recognizing the characteristic length is the half thickness, find 

„. hL 100 W/m 2 -Kx0.025m 

Bi = — = = 0.011. 

k 231 W/m-K 

Hence, the lumped capacitance method may be used. From Eq. 5.8, 
Q = (pVc)#i [l-exp(-t/r t )] = -AE st 

- AE st,max =(pVc)#i. 
Dividing Eq. (l)by (2), 

AE st /AE stmax =1 -exp(-t/r th ) = 0.75. 

pYc phc 2702 kg/m 3 x 0.025m x 1033 J/kg-K rna 
Solving for r th = - — = - — = ^ = 698s. 



hA c 



100 W/irT • K 



Hence, the required time is 

-exp (-t/698s) = -0.25 or t = 968s. 
From Eq. 5.6, 



T-T f 



GO 



T -T 



= exp(-t/r th ) 



GO 



(1) 

(2) 



T = ^ +(Tj -Too) exp (-t/r th ) = 600°C-(575°cj exp (-968/698) 

T = 456°C. < 
COMMENTS: For the prescribed temperatures, the property temperature dependence is significant 
and some error is incurred by assuming constant properties. However, selecting properties at 600K 
was reasonable for this estimate. 
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PROBLEM 5.12 



KNOWN: Diameter, density, specific heat and thermal conductivity of aluminum spheres used in 
packed bed thermal energy storage system. Convection coefficient and inlet gas temperature. 

FIND: Time required for sphere to acquire 90% of maximum possible thermal energy and the 
corresponding center temperature. Potential advantage of using copper in lieu of aluminum. 

SCHEMATIC: 



T g j = 300°C 
h = 75 W/m 2 -K 




Aluminum sphere 
D = 75 mm, Tj = 25°C 
p = 2700 kg/m3 
c = 950 J/kg-K 
k = 240 W/m-K 



ASSUMPTIONS: (1) Negligible heat transfer to or from a sphere by radiation or conduction due to 
contact with other spheres, (2) Constant properties. 

ANALYSIS: To determine whether a lumped capacitance analysis can be used, first compute Bi = 

h(r Q /3)/k = 75 W/m 2 -K (0.025m)/150 W/m-K = 0.013 < 0.1. Hence, the lumped capacitance 
approximation may be made, and a uniform temperature may be assumed to exist in the sphere at any 
time. From Eq. 5.8a, achievement of 90% of the maximum possible thermal energy storage 
corresponds to 



Q 



0.90 = 1 -exp (-t/r t ) 



where r t = /?Vc/hA s = /?Dc/6h = 2700kg/m 3 x 0.075m x 950 J /kg -K/6x75W/m 2 K = 427s. Hence, 

t = -r t In (0.1) = 427s x 2.30 = 984s < 
From Eq. (5.6), the corresponding temperature at any location in the sphere is 
T (984s) = T g i + (Tj - T g>i ) exp (-6ht / pDc) 

T (984s ) = 300°C - 275°C exp (-6 x 75 W / m 2 ■ K x 984s / 2700 kg / m 3 x 0.075m x 950 J / kg • K \ 
T(984)s = 272.5°C < 

3 

Obtaining the density and specific heat of copper from Table A- 1 , we see that (pc)c u ~ 8900 kg/m x 

6 3 6 3 

400 J/kg-K = 3.56 x 10 J/m -K > (pc)Ai = 2.57 x 10 J/m -K. Hence, for an equivalent sphere 

diameter, the copper can store approximately 38% more thermal energy than the aluminum. 

COMMENTS: Before the packed bed becomes fully charged, the temperature of the gas decreases as 
it passes through the bed. Hence, the time required for a sphere to reach a prescribed state of thermal 
energy storage increases with increasing distance from the bed inlet. 
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PROBLEM 5.13 



KNOWN: Wafer, initially at 100°C, is suddenly placed on a chuck with uniform and constant 
temperature, 23°C. Wafer temperature after 15 seconds is observed as 33°C. 

FIND: (a) Contact resistance, Rj-' c , between interface of wafer and chuck through which helium slowly 
flows, and (b) Whether Rj-' c will change if air, rather than helium, is the purge gas. 

SCHEMATIC: 




Interface region, 
greatly exaggerated 



Wafer, T w (t), 
T w (0) = T wi =W0°C 
w= 0.758 mm 



Helium gas 
purge 

Chuck, T r = 23 °C 



TJt) 



z st 



cond 



PROPERTIES: Wafer (silicon, typical values): p = 2700 kg/m 3 , c = 875 J/kg-K, k = 177 W/m-K. 

ASSUMPTIONS: (1) Wafer behaves as a space- wise isothermal object, (2) Negligible heat transfer from 
wafer top surface, (3) Chuck remains at uniform temperature, (4) Thermal resistance across the interface 
is due to conduction effects, not convective, (5) Constant properties. 



ANALYSIS: (a) Perform an energy balance on the wafer as shown in the Schematic. 



^an ^out £ 



Qcond ~~ E s t 
Tw(t)"T c 



-st 



Rt, 



pwc- 



dT, 



w 



tc 



dt 



Separate and integrate Eq. (3) 



JO 



dt 



0 pwcRtc J T w iT w -T ( 



dT, 



w 



(4) 



T W (Q-T C 
T ■ -T 



exp 



pwcRic 



Substituting numerical values for T w (15s) = 33°C, 
(33-23)°C 



(100-23)° C 



exp 



15s 



2700kg/ m 3 x 0.758 x 10 3 mx 875 J/kg ■ K x R^' c 



R[ c = 0.004 lm 2 -K/W 
(b) R( C will increase since k air < k he iium- See Table A.4. 

COMMENTS: Note that Bi = R int /R ex t = (w/k)/ R( C =0.001. Hence the spacewise isothermal 
assumption is reasonable. 



(1) 
(2) 

(3) 



(5) 



(6) 
< 
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PROBLEM 5.14 



KNOWN: Inner diameter and wall thickness of a spherical, stainless steel vessel. Initial temperature, 
density, specific heat and heat generation rate of reactants in vessel. Convection conditions at outer 
surface of vessel. 

FIND: (a) Temperature of reactants after one hour of reaction time, (b) Effect of convection 
coefficient on thermal response of reactants. 

SCHEMATIC: 



Stainless steel 
k= 17 W/m-K 



Too = 25°C 
h = 6 W/m 2 -K 




Reactants, T = 25°C 



q = 10 5 W/m 3 
p= 1100 kg/m3 
c = 2400 J/kg-K 

D| = 1 m 
D 0 = 1.1 m 



Too T s o T 

Rt.conv Rt.cond 



ASSUMPTIONS: (1) Temperature of well stirred reactants is uniform at any time and is equal to 
inner surface temperature of vessel (T = T S;1 ), (2) Thermal capacitance of vessel may be neglected, (3) 
Negligible radiation exchange with surroundings, (4) Constant properties. 

ANALYSIS: (a) Transient thermal conditions within the reactor may be determined from Eq. (5.25), 
which reduces to the following form for Tj - T^ = 0. 
T = T 00 +(b/a)[l-exp(-at)] 

where a = UA/pVc and b = E g / pWc = q / pc. From Eq. (3. 19) the product of the overall heat transfer 

coefficient and the surface area is UA = (R con d + Rconv) » where from Eqs. (3.36) and (3.9), 



Rt,cond _ 



1 



R 



2;rk 
1 



J 1_ 



1 



2^(17 W/m-K) 



1 



1 



1.0m 1.1m 



:8.51xl0"*K/W 



t,conv 



hA o |6W/m 2 -Kj^(l.lm) 2 



0.0438K/W 



Hence, UA = 22.4 W/K. It follows that, with V = n-Df /6, 
UA _ 6(22.4W/K) 



a = 



P Wc 1 100 kg /m 3 x;r(lm) 3 2400 J/kg-K 



■ = 1.620x10 5 s 1 



b=-9-= 



10 4 W/m 3 



3.788xl0 _3 K/s 



P c 1100kg/nr'x2400J/kg-K 
With (b/a) = 233.8°C and t = 18,000s, 
T = 25°C + 233.8°C 



1-expl -1.62x10 5 s J x 18, 000s 



= 84.1°C < 

Neglecting the thermal capacitance of the vessel wall, the heat rate by conduction through the wall is 
equal to the heat transfer by convection from the outer surface, and from the thermal circuit, we know 
that 

Continued 
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PROBLEM 5.14 (Cont.) 

T - T s,o _ R t,cond _8.51xlO" 4 K/W 



T s ,o-Too Rt,conv 0.0438 K/W 



= 0.0194 



T + 0.0194T m 84.1°C + 0.0194(25°C) 

i^ui !1 ioo = v ^ = 83.0°C < 

s '° 1.0194 1.0194 

2 2 

(b) Representative low and high values of h could correspond to 2 W/m -K and 100 W/m K for free 
and forced convection, respectively. Calculations based on Eq. (5.25) yield the following temperature 
histories. 




h=2 W/m A 2.K 

x h=6W/m A 2.K 
-+- h=100 W/m A 2.K 



Forced convection is clearly an effective means of reducing the temperature of the reactants and 
accelerating the approach to steady-state conditions. 

COMMENTS: The validity of neglecting thermal energy storage effects for the vessel may be 

assessed by contrasting its thermal capacitance with that of the reactants. Selecting values of p = 8000 

3 

kg/m and c = 475 J/kg-K for stainless steel from Table A-l, the thermal capacitance of the vessel is 
C t;V = (pVc) s t = 6.57 x 10 5 J/K, where V = (w/6)(dq -Dj 3 j. With C u = (pVc) r = 2.64 x 10 6 J/Kfor 

the reactants, C t r /C t v « 4. Hence, the capacitance of the vessel is not negligible and should be 
considered in a more refined analysis of the problem. 
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PROBLEM 5.15 



KNOWN: Volume, density and specific heat of chemical in a stirred reactor. Temperature and 
convection coefficient associated with saturated steam flowing through submerged coil. Tube 
diameter and outer convection coefficient of coil. Initial and final temperatures of chemical and time 
span of heating process. 

FIND: Required length of submerged tubing. Minimum allowable steam flowrate. 
SCHEMATIC: 

m h , T h = 500 K -5 



Tubing 
D = 0.02 m 
h 0 = 2000 W/m 2 -K 
h| = 10,000 W/m 2 -K 




Tj = 300 K, T(60 min) = 450 K 
V = 2.25 m 3 
p = 1200 kg/m3 
c = 2200 J/kg-K 



ASSUMPTIONS: (1) Constant properties, (2) Negligible heat loss from vessel to surroundings, (3) 
Chemical is isothermal, (4) Negligible work due to stirring, (5) Negligible thermal energy generation 
(or absorption) due to chemical reactions associated with the batch process, (6) Negligible tube wall 
conduction resistance, (7) Negligible kinetic energy, potential energy, and flow work changes for 
steam. 

ANALYSIS: Heating of the chemical can be treated as a transient, lumped capacitance problem, 
wherein heat transfer from the coil is balanced by the increase in thermal energy of the chemical. 
Hence, conservation of energy yields 

^Vc^ = UA s (T h -T) 
dt dt sv n ' 

f T dT UA s ft J 
Integrating, = dt 

JTTu-T nVcJo 



-In 



'TiT h -T pVc 

T h -T _UA s t 
T h -Ti pWc 

PVc, T h -T 



K=-~ — In— (1) 

Ut T h -Tj 

U = (h j " 1 +ho 1 j 1 =[(l/10,000) + (l/2000)] _1 W/m 2 -K 
U = 1670W/m 2 -K 



A s = ; — : — '- In— — — = 1.37m 



(l200kg/m 3 j 


(2.25m 3 ] 


(2200J/kg-K) 




1670W/m 2 -K 


| (3600s) 



500-300 



A s 1.37m 2 n . 

L = ^ = — - = 21. 8m < 

ttD k (0.02m) 

COMMENTS: Eq. (1) could also have been obtained by adapting Eq. (5.5) to the conditions of this 
problem, with T^ and h replaced by Th and U, respectively. 
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PROBLEM 5.16 



KNOWN: Thickness and properties of furnace wall. Thermal resistance of film on surface 
of wall exposed to furnace gases. Initial wall temperature. 

FIND: (a) Time required for surface of wall to reach a prescribed temperature, (b) 
Corresponding value of film surface temperature. 



SCHEMATIC: 



Carbon si eel 7j"=30OK 




T T T - 

ASSUMPTIONS: (1) Constant properties, (2) Negligible film thermal capacitance, (3) 
Negligible radiation. 

PROPERTIES: Carbon steel (given): p = 7850 kg/m 3 , c = 430 J/kg-K, k = 60 W/m-K. 

ANALYSIS: The overall coefficient for heat transfer from the surface of the steel to the gas 
is 

-1 f 1 A-l 



u = (R'tot) _1 = ^+Rf 



1 



V 25 W/m z • K 



+ 10 2 m 2 -K/W 



= 20 W/m z • K. 



J 



Hence, 



UL = 20W/m'.Kx0.01m 

k 60 W/m-K 

and the lumped capacitance method can be used. 

(a) It follows that 



T-T 



t = 



= exp(-t/r t ) = exp(-t/RC) = exp(-Ut/yC>Lc) 

7850 kg/m 3 (0.01 m)430 J/kg-K , 1200-1300 

-ln- 



T -T 

pLc ^ T-Too 



U 



T-T 



20 W/m z • K 



300-1300 



t = 3886s = 1.08h. 



(b) Performing an energy balance at the outer surface (s,o), 
h(Too-T s , 0 ) = (T S)0 -T S;i )/Rf 



hToo+T^/Rf _ 25 W/m 2 - Kx 1300 K + 1200 K710" 2 m 2 -K/W 



T - 
1 s,o 



l S,0 



h + (l/Rf ) 
1220 K. 



(25 + 100)W/m 2 -K 



COMMENTS: The film increases r t by increasing R t but not C t . 
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PROBLEM 5.17 



KNOWN: Thickness and properties of strip steel heated in an annealing process. Furnace operating 
conditions. 

FIND: (a) Time required to heat the strip from 300 to 600°C. Required furnace length for prescribed 
strip velocity (V = 0.5 m/s), (b) Effect of wall temperature on strip speed, temperature history, and 
radiation coefficient. 

SCHEMATIC: 



sur 



Steel 
7",- = 300 °C 
T f =600 °C 




5/2 = 0.006 m 



V= 0.5 m/s 



ASSUMPTIONS: (1) Constant properties, (2) Negligible temperature gradients in transverse direction 
across strip, (c) Negligible effect of strip conduction in longitudinal direction. 

PROPERTIES: Steel: p = 7900 kg/m 3 , c p = 640 J/kg-K, k = 30 W/m-K, e= 0.7. 

ANALYSIS: (a) Considering a fixed (control) mass of the moving strip, its temperature variation with 
time may be obtained from an energy balance which equates the change in energy storage to heat transfer 
by convection and radiation. If the surface area associated with one side of the control mass is designated 
as Aj, A s c = A s , r = 2A S and V = 8A S in Equation 5.15, which reduces to 



pcS 



dT 

dt~ 



h(T-T 00 ) + ^(T 4 -X 



4 

sur 



or, introducing the radiation coefficient from Equations 1.8 and 1.9 and integrating, 
Tf-T i = 



pc 



^0[h(T- Too ) + h r (T-T sur )]dt 



Using the IHT Lumped Capacitance Model to integrate numerically with Tj = 573 K, we find that T f = 
873 K corresponds to 

t f *209s < 

in which case, the required furnace length is 

L = Vt f « 0.5 m/sx 209s « 105m < 

(b) For T w = 1 123 K and 1273 K, the numerical integration yields t f « 102s and 62s respectively. Hence, 
for L = 105 m , V = L/t f yields 

V(T W =1123K) = 1.03 m/s 



V(T W =1273K) = 1.69 m/s 



< 

Continued... 
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PROBLEM 5.17 (Cont.) 



which correspond to increased process rates of 106% and 238%, respectively. Clearly, productivity can 
be enhanced by increasing the furnace environmental temperature, albeit at the expense of increasing 
energy utilization and operating costs. 

If the annealing process extends from 25°C (298 K) to 600°C (873 K), numerical integration 
yields the following results for the prescribed furnace temperatures. 




As expected, the heating rate and time, respectively, increase and decrease significantly with increasing 
T w . Although the radiation heat transfer rate decreases with increasing time, the coefficient h r increases 
with t as the strip temperature approaches T w . 

COMMENTS: To check the validity of the lumped capacitance approach, we calculate the Biot number 
based on a maximum cumulative coefficient of (h + h r ) * 300 W/m 2 -K. It follows that Bi = (h + h r )(8/2)/k 
= 0.06 and the assumption is valid. 



PROBLEM 5.18 



KNOWN: Diameter, resistance and current flow for a wire. Convection coefficient and temperature 
of surrounding oil. 

FIND: Steady-state temperature of the wire. Time for the wire temperature to come within 1°C of its 
steady-state value. 



SCHEMATIC: 



> h=&OOW/m*'K 



mm 



S 



*>T=lOOA 



ASSUMPTIONS: (1) Constant properties, (2) Wire temperature is independent of x. 

3 

PROPERTIES: Wire (given): p = 8000 kg/m , c p = 500 J/kg-K, k = 20W/m-K, R;=0.01Q/m. 
ANALYSIS: Since 

h(r G /2) 500 W/m 2 -1^2.5 xl0~ 4 m) 



Bi 



0.006 < 0.1 



k 20W/m-K 
the lumped capacitance method can be used. The problem has been analyzed in Example 1.3, and 
without radiation the steady-state temperature is given by 

^Dh(T-T OD ) = I 2 R^. 

Hence 



I 2 R1 o (l00A) z 0.01Q/m 

+ 5. = 25 C + * '- = 88.7°C. 



T = X 



n Dh 



^-(0.001 m)500 W/m -K 

With no radiation, the transient thermal response of the wire is governed by the expression (Example 
1.3) 



dX 
dT 



l 2 R' 



4h 



pc p ^D 2 /4) P c p D 



(T-Xoo). 



With T = Tj = 25°C at t = 0, the solution is 



T-T^-jl^/^Dh 



X-Xoo-^R^/^Dh) 
Substituting numerical values, find 



exp 



4h 



pepD 



87.7-25-63.7 
25-25-63.7 

t = 8.31s. 



exp 



4x500W/m z -K 



8000 kg/m-* x 500 J/kg • K x 0.001 m 



COMMENTS: The time to reach steady state increases with increasing p, Cp and D and with 
decreasing h. 
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PROBLEM 5.19 



KNOWN: Electrical heater attached to backside of plate while front is exposed to a convection process 
(Too, h); initially plate is at uniform temperature before heater power is switched on. 

FIND: (a) Expression for temperature of plate as a function of time assuming plate is spacewise 
isothermal, (b) Approximate time to reach steady-state and T(oo) for prescribed Too, h and qo when wall 
material is pure copper, (c) Effect of h on thermal response. 

SCHEMATIC: 

7^=27 °C 

ft = 50, 1 00, 200 W/m 2 -K r^ZX*. 



q" = 5000 W/m 2 



/ 

/A 



Heater 



Copper, pure 
T: = 27 °C 



Qconv = 

L = 12 mm 

ASSUMPTIONS: (1) Plate behaves as lumped capacitance, (2) Negligible loss out backside of heater, 
(3) Negligible radiation, (4) Constant properties. 

PROPERTIES: Table A-l, Copper, pure (350 K): k = 397 W/m-K, c p = 385 J/kg-K, p = 8933 kg/m 3 . 

ANALYSIS: (a) Following the analysis of Section 5.3, the energy conservation requirement for the 
system is E m -E out = E st or q^ — h(T — T^J = >oLCp dT/dt . Rearranging, and with R' t ' = 1/h and 

C{ =pLc p , 



T-T 00 -q*/h = -Rj-q dT/dt 
Defining #(t) = T — Tqq — q G /h with dO = dT, the differential equation is 
d0 



e 



-R t C t ' 



dt 



(1) 



(2) 



Separating variables and integrating, 
r0d6__rt dt 



it follows that 

e_ 



exp 



where ^ = ^(0) = Ti- -(q 0 /h) 



(3)< 



(4) 



(b) For h = 50 W/m 2 -K, the steady-state temperature can be determined from Eq. (3) with t — > go; that is, 
^(oo) = 0 = T(oo)-T oo -q'/h or T(qo) = T 00 +q 0 /h , 

giving T(oo) = 27°C + 5000 W/m 2 /50 W/m 2 -K = 127°C. To estimate the time to reach steady-state, first 
determine the thermal time constant of the system, 

f \ 



T t =R[C[= - (pc p h) = 



l 



50W/m z K 



^8933kg/ m 3 x 385 J/kg • K x 12 x 10" 3 mj = 825s 



Continued... 
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PROBLEM 5.19 (Cont.) 



When t = 3x t = 3x825s = 2475s, Eqs. (3) and (4) yield 

a(i \ t(i \ nn°n 5000 w/m 2 _ 3 
#(3r t ) = T(3r t )-27 C ^ = e J 

50W7m 2 K 



27°C-27°C- 



5000 W/nT 
50w/m 2 K 



T(3t t ) = 122°C < 

(c) As shown by the following graphical results, which were generated using the IHT Lumped 
Capacitance Model, the steady-state temperature and the time to reach steady-state both decrease with 
increasing h. 




1000 1500 
Time, t(s) 



h = 50 W/m"2.K 
h= 100 W/m"2.K 
h = 200 W/m"2.K 



COMMENTS: Note that, even for h = 200 W/m -K, Bi = hL/k « 0.1 and assumption (1) is reasonable. 
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PROBLEM 5.20 

KNOWN: Electronic device on aluminum, finned heat sink modeled as spatially isothermal object 
with internal generation and convection from its surface. 

FIND: (a) Temperature response after device is energized, (b) Temperature rise for prescribed 
conditions after 5 min. 



SCHEMATIC: 




ir\r\rw 




E 9 --60W 

T(a>)=100°C 



ASSUMPTIONS: (1) Spatially isothermal object, (2) Object is primarily aluminum, (3) Initially, 
object is in equilibrium with surroundings at Tqq. 

PROPERTIES: Table A-l, Aluminum, pure |f = (20 + 100)° C/2 « 333kJ : c = 918 J/kg-K. 

ANALYSIS: (a) Following the general analysis of Section 5.3, apply the conservation of energy 
requirement to the object, 

1 rp 

E g -hA s (T-T 00 ) = Mc— (1) 



Ein + Eg E out - E st 



dt 



where T = T(t). Consider now steady-state conditions, in which case the storage term of Eq. (1) is 
zero. The temperature of the object will be T(oo) such that 

Eg=hA s (T(oo)-T QO ). (2) 

Substituting for Eg using Eq. (2) into Eq. (1), the differential equation is 

r / v 1 r i Mc dT Mc &6 
[T(qo)-T 00 J-[T-T 00 J = = : — or 0 = -=- A — (3,4) 



hA s dt 



hA s dt 



with 0 = T - T(oo) and noting that dO = dT. Identifying R t = l/hA s and C t = Mc, the differential 
equation is integrated with proper limits, 

t 



R 



1 rt c 0d0 

\cM~\T 



or 



0 



R t C 



tM 



(5) < 



where 0; = 0(0) = Tj - T(oo) and T[ is the initial temperature of the object. 

(b) Using the information about steady-state conditions and Eq. (2), find first the thermal resistance 
and capacitance of the system, 



33K/W C t =Mc = 0.31 kgx918 J/kg-K = 285 J/K. 



5 x60s 



R = 1 = T(qo)-T 00 = (100-20)°C =i 

1 hA s E g 60 W 

Using Eq. (5), the temperature of the system after 5 minutes is 

#(5min) T(5min)-T(oo) T(5min)-100°C 

— = — — — ^ — - = — = exp 

% Ti-T(co) (20-100)° C 

T (5min) = 100°C + (20 - 100)° C x 0.453 = 63.8°C < 
COMMENTS: Eq. 5.24 may be used directly for Part (b) with a = hA s /Mc and b = E g / Mc. 



1.33 K/Wx 285 J/K 



= 0.453 
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PROBLEM 5.21 



KNOWN: Spherical coal pellet at 25°C is heated by radiation while flowing through a furnace 
maintained at 1000°C. 



FIND: Length of tube required to heat pellet to 600°C. 
SCHEMATIC: 

/ — Coat pe//e^ D = 1mm 

Air t h 

flow —yfr- • ^- x — ? 



Z=Z5"C- 



3-£ 



"Tubular furnace 

: 1000" C 



ASSUMPTIONS: (1) Pellet is suspended in air flow and subjected to only radiative exchange with 
furnace, (2) Pellet is small compared to furnace surface area, (3) Coal pellet has emissivity, 8 = 1. 

PROPERTIES: Table A-3, Coal ^ T = (600 + 25)° C/2 = 585K, however, only 300K data available j : p = 1350 

kg/m 3 ,c p = 1260 J/kg-K, k = 0.26 W/m-K. 

ANALYSIS: Considering the pellet as spatially isothermal, use the lumped capacitance method of 
Section 5.3 to find the time required to heat the pellet from T G = 25°C to Tl = 600°C. From an 
energy balance on the pellet E m = E st where 



"in 



%ad ~~ °"As I Tsur ^s 



-st 



pVc, 



dT 
dt 



giving 



.4 
l sur 



dT 




Separating variables and integrating with limits shown, the 
temperature-time relation becomes 



A s a ft 



j> = f L 
Jo J T „ 



dT 



To T sur -T 



pVCp 

The integrals are evaluated in Eq. 5.18 giving 
pVc p 



In 



4A s oT sur 



T +T 
x sur ^ 1 



T -T 
x sur 1 



In 



T +T 
x sur ^ l i 



l sur 



+ 2 



tan 



l sur 



tan 



l sur 



2 3 

Recognizing that A s = rcD and V = 7tD /6 or A s / V = 6/D and substituting values, 
.3 



t 



1350 kg/m 3 (0.001 m)l260 J/kg • K 
24x5.67xl0" 8 W/m 2 -K 4 (l273 K) 



, 1273 + 873 , 1273 + 298 

In In 

1273-298 



+2 



tan 



-1 



873 
1273 



tan 



298 
1273 




Hence, 



L = Vt = 3m/sxl.l8s = 3.54m. 



The validity of the lumped capacitance method requires Bi = h( V /A s )/k < 0. 1 . Using Eq. ( 1 .9) for h = 

h r and V /A s = D/6, find that when T = 600°C, Bi = 0.19; but when T = 25°C, Bi = 0.10. At early 
times, when the pellet is cooler, the assumption is reasonable but becomes less appropriate as the pellet 
heats. 
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PROBLEM 5.22 



KNOWN: Metal sphere, initially at a uniform temperature T ; , is suddenly removed from a furnace and 
suspended in a large room and subjected to a convection process (Too, h) and to radiation exchange with 
surroundings, T sur . 

FIND: (a) Time it takes for sphere to cool to some temperature T, neglecting radiation exchange, (b) 
Time it takes for sphere to cool to some temperature t, neglecting convection, (c) Procedure to obtain time 
required if both convection and radiation are considered, (d) Time to cool an anodized aluminum sphere 
to 400 K using results of Parts (a), (b) and (c). 



SCHEMATIC: 



tt 

h = 10W/m 2 -K 
Too= 300 K 



T, 



sur 



300 K 




Aluminum sphere, 7(f) 
D = 50 mm, T : = 800 



ASSUMPTIONS: (1) Sphere is spacewise isothermal, (2) Constant properties, (3) Constant heat transfer 
convection coefficient, (4) Sphere is small compared to surroundings. 

PROPERTIES: Table A-l, Aluminum, pure ( T = [800 + 400] K/2 = 600 K): p = 2702 kg/m 3 , c = 1033 
J/kg-K, k = 231 W/m-K, a = k/pc = 8.276 x 10~ 5 m 2 /s; Aluminum, anodized finish: s = 0.75, polished 
surface: 8 = 0.1. 

ANALYSIS: (a) Neglecting radiation, the time to cool is predicted by Eq. 5.5, 
pVc^ pDc 



t : 



-ln- 



hA s 6 6h T-Too 



(D< 



where V/A s = (7iD76)/(nD 2 ) = D/6 for the sphere. 

(b) Neglecting convection, the time to cool is predicted by Eq. 5.18, 



t = 



24saT< 



In 



sur 



Tsur + T 



T -T 
x sur 1 



In 



Tsur + Tj 



l sur 



Ti 



+ 2 



tan 



-1 



T 

V sur J 



tan 



T 

V sur J 



(2) 



where V/A s r = D/6 for the sphere. 



(c) If convection and radiation exchange are considered, the energy balance requirement results in Eq. 
5.15 (with ql = E a = 0). Hence 



dT 



dt pDc 



h(T-T 00 ) + ^(T 4 -T s 4 ur ) 



(3)< 



where A s(Cjr) = A s = nD and V/A s ( c r) = D/6. This relation must be solved numerically in order to evaluate 
the time-to-cool. 

(d) For the aluminum (pure) sphere with an anodized finish and the prescribed conditions, the times to 
cool from T = 800 K to T = 400 K are: 



Continued... 
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PROBLEM 5.22 (Cont.) 

Convection only, Eq. (1) 

2702 kg/m 3 x 0.050 m x 1033 J/kg K 800 - 300 

-ln- 



t = 



6xlOW/m^K 400-300 
Radiation only, Eq. (2) 

2702 kg/m 3 x 0.050 m x 1033 J/kg • K 



= 3743s = 1.04h 



t = 



24x 0.75 x 5.67 x 10" 8 W/m z • K 4 x (300K) ; 
2 



' 400 + 300 , 800 + 300^ 

In In + 

v 400-300 800 -300 J 



-1 400 -i 800 
tan tan 



300 



300 



t = 5.065 x 10 3 {1.946-0.789 + 2(0.927 - 1.212)} = 2973s = 0.826h < 
Radiation and convection, Eq. (3) 

Using the IHT Lumped Capacitance Model, numerical integration yields 
t« 1600s = 0.444h 

In this case, heat loss by radiation exerts the stronger influence, although the effects of convection are by 
no means negligible. However, if the surface is polished (s = 0.1), convection clearly dominates. For 
each surface finish and the three cases, the temperature histories are as follows. 



800 



700 



600 



500 



400 




800 



600 



500 



0 400 800 1200 1600 2000 2400 2800 3200 3600 4000 
Time, t(s) 

— e— h = 10 W/m"2.K, eps = 0.75 
— a— h = 0, eps = 0.75 

— B— h = 10W/m A 2.K, eps = 0 

















































































































































































0 




0 


5 






1 


5 




> 


2 



Time, t x E-4 (s) 

h = 10 W/m"2.K, eps = 0.1 
h = 10W/m A 2.K, eps = 0 
■ h = 0, eps = 0.1 



COMMENTS: 1. A summary of the analyses shows the relative importance of the various modes of heat 
loss: 



Active Modes 


Time required to cool to 400 K (h) 


s = 0.75 


s = 0.1 


Convection only 


1.040 


1.040 


Radiation only 


0.827 


6.194 


Both modes 


0.444 


0.889 



2. Note that the spacewise isothermal assumption is justified since Be « 0.1. For the convection-only 
process, 

Bi = h(r Q /3)/k = 10 W/m 2 -K (0.025 m/3)/231 W/m-K = 3.6 x 10" 4 
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PROBLEM 5.23 

KNOWN: Droplet properties, diameter, velocity and initial and final temperatures. 

FIND: Travel distance and rejected thermal energy. 

SCHEMATIC: 

k L >i 




JCrtjec+or' J 



i/IJ=SOOK \l, 0 .lm/s J 



sur 



t Collector 



ASSUMPTIONS: (1) Constant properties, (2) Negligible radiation from space. 

PROPERTIES: Droplet (given): p = 885 kg/m 3 , c = 1900 J/kg-K, k = 0.145 W/m-K, s 
0.95. 

ANALYSIS: To assess the suitability of applying the lumped capacitance method, use 
Equation 1.9 to obtain the maximum radiation coefficient, which corresponds to T = T v 



h r =saTf =0.95x5.67x10 8 W/m 2 • K 4 (500 Kf = 6.73 W/m z ■ K. 



Hence 



Bi r = 



h r( r o /3 ) ( 6 - 73W/m2 - K )(°- 25x10 3 111/3 



= 0.0039 



k 0.145 W/m-K 

and the lumped capacitance method can be used. From Equation 5.19, 



L pc^D 3 /6 
V 3e(nD 2 )o- 



f \ 
1 1 

T 3 T 3 y 



L = 



(0.1 m/s)885 kg/m 3 (1900 J/kg-K)0.5xl0 3 m 



18 x 0.95 x 5.67 xlO" 8 W/m 2 -K 4 



U00 3 500 3 ; 



L = 2.52 m. < 
The amount of energy rejected by each droplet is equal to the change in its internal energy. 

v3 



Ej -E f = pVc(Ti -T f ) = 885 kg/m 3 ^ 



5x10 ^m 



-1900 J/kg-K(200K) 



Ej - Ef =0.022 J. < 

COMMENTS: Because some of the radiation emitted by a droplet will be intercepted by 
other droplets in the stream, the foregoing analysis overestimates the amount of heat 
dissipated by radiation to space. 
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PROBLEM 5.24 



KNOWN: Initial and final temperatures of a niobium sphere. Diameter and properties of the sphere. 
Temperature of surroundings and/or gas flow, and convection coefficient associated with the flow. 

FIND: (a) Time required to cool the sphere exclusively by radiation, (b) Time required to cool the 
sphere exclusively by convection, (c) Combined effects of radiation and convection. 

SCHEMATIC: 



Tj = 900°C 
T f = 300°C 



Inert gas 

^ = 25°C 

h = 200 W/m 2 -K 



Tsur ~ 25°C 




Niobium 

p = 8600 kg/m3 
c = 290 J/kg-K 
k = 63 W/m-K 
s = 0.1 or 0.6 

D = 10 mm 



ASSUMPTIONS: (1) Uniform temperature at any time, (2) Negligible effect of holding mechanism 
on heat transfer, (3) Constant properties, (4) Radiation exchange is between a small surface and large 
surroundings. 

ANALYSIS: (a) If cooling is exclusively by radiation, the required time is determined from Eq. 
(5.18). With V = ttD 3 /6, A s , r = ttD 2 , and 8 = 0.1, 



t = 



8600 kg / m 3 ( 290 J / kg • K) 0.0 lm 
24 (0. 1) 5.67 x 10" 8 W / m 2 • K 4 ( 298K)' 



In 



298 + 573 



298-573 



-In 



298 + 1173 



298-1173 



+2 



tan 



573 
298 



-tan 



1173 
^298~ 



t 



6926s {1.153-0.519 + 2(1.091-1.322)} = 1190s 



If s = 0.6, cooling is six times faster, in which case, 
t = 199s 

(b) If cooling is exclusively by convection, Eq. (5.5) yields 



(* = 0.1) 
(e = 0.6) 



pcD, 
t = - — In 
6h 



Tf -T ( 



8600 kg/m 3 (290 J /kg ■ K) 0.010m 



OO J 



1200 W/m K 



In 



875 
275 



t = 24.1s < 
(c) With both radiation and convection, the temperature history may be obtained from Eq. (5.15). 



p^D 3 /6)c 



5I = -,D 2 
dt 



h(T-T 00 ) + ^(T 4 -T s 4 ur ) 



Integrating numerically from Tj = 1 173 K at t = 0 to T = 573K, we obtain 
t = 21.0s 



Continued 
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PROBLEM 5.24 (Cont.) 

Cooling times corresponding to representative changes in s and h are tabulated as follows 



h(W/m 2 -K) 1 


200 


200 


20 


500 


s 1 


0.6 


1.0 


0.6 


0.6 


t(s) 1 


21.0 


19.4 


102.8 


9.1 



For values of h representative of forced convection, the influence of radiation is secondary, even for a 
maximum possible emissivity of 1 .0. Hence, to accelerate cooling, it is necessary to increase h. 

However, if cooling is by natural convection, radiation is significant. For a representative natural 

2 

convection coefficient of h = 20 W/m -K, the radiation flux exceeds the convection flux at the surface 
of the sphere during early to intermediate stages of the transient. 



70000 

„ 60000 

& 50000 
E 

3 40000 

g 30000 

^ 20000 

(D 

T 10000 



0 20 40 60 80 100 

Cooling time (s) 

-e- Convection flux (h=20 W/m A 2.K) 
—a— Radiation flux (eps=0.6) 

COMMENTS: (1) Even for h as large as 500 W/m 2 K, Bi = h (D/6)/k = 500 W/m 2 K (0.01m/6)/63 
W/m-K = 0.013 < 0.1 and the lumped capacitance model is appropriate. (2) The largest value of h r 
corresponds to Tj =1173 K, and for s = 0.6 Eq. (1.9) yields h r = 0.6 x 5.67 x 10" 8 W/m 2 K 4 (1173 + 
298)K (1173 2 + 298 2 )K 2 = 73.3 W/m 2 K. 
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PROBLEM 5.25 

KNOWN: Diameter and thermophysical properties of alumina particles. Convection conditions 
associated with a two-step heating process. 

FIND: (a) Time-in-flight (tj.f) required for complete melting, (b) Validity of assuming negligible 
radiation. 



SCHEMATIC: 




Al 2 0 3 sphere, D p = 50 urn, 
7} = 300 K, kp=1 0.5 W/m-K, 
j\ Pp = 3970 kg/m 3 , c p = 1 560 J/kg-K, 
T mp = 2318K, h sf =3577 kJ/kg 

/7 = 3x10 4 W/m 2 -K 

Too - 10,000 K V 

ASSUMPTIONS: (1) Particle behaves as a lumped capacitance, (2) Negligible radiation, (3) Constant 
properties. 

ANALYSIS: (a) The two-step process involves (i) the time tj to heat the particle to its melting point and 
(ii) the time t 2 required to achieve complete melting. Hence, t[_ f = t! + t 2 , where from Eq. (5.5), 

t - P P Y °P ln 3 - Wp ln Tj-Too 
hA s 0 6h Tmp-Too 

3970kg/m 3 (50xl0- 6 m)l560J/kg-K ( 300 -10 000) 

u = V / \ n _S ! ' = 4xlQ s 

6(30, 000 w/m 2 -K) (2318-10,000) 



Performing an energy balance for the second step, we obtain 
ftl +to 

J tj q C onv dt = AE st 
where q conv = hA^T^ - T mp ) and AE st = p p Vh sf . Hence, 

p pDp hsf 3970kg/V(50x 10 -^) 3577xl0 6 ]/kg 5><]o _ 4s 

6h (X»-T mp ) 6(30, 000 w/m 2 -K) (10,000-2318)K 

Hence tj_f =9x10 ^s^lms < 

(b) Contrasting the smallest value of the convection heat flux, qc Qnv m ^ n = h (t^ - T mp ) = 2.3 x 10 8 w/ m 2 
to the largest radiation flux, q^ a( j max = so (t^ - T s ^ r j = 6.7 x 10 5 W/m 2 , with s = 0.41 from Table 
A.l 1 for aluminum oxide at 1500 K, and Tsur = 300 K we conclude that radiation is, in fact, negligible. 

COMMENTS: (1) Since Bi = (hr p /3)/k « 0.02, the lumped capacitance assumption is good. (2) In an 
actual application, the droplet should impact the substrate in a superheated condition (T > T mp ), which 
would require a slightly larger ti-f. 
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PROBLEM 5.26 



KNOWN: Diameters, initial temperature and thermophysical properties of WC and Co in composite 
particle. Convection coefficient and freestream temperature of plasma gas. Melting point and latent 
heat of fusion of Co. 

FIND: Times required to reach melting and to achieve complete melting of Co. 



SCHEMATIC: 



D 0 = 20 urn 
Di = 16 urn 



Plasma gas 

T ro = 10,000 K 
h = 20,000 W/m 2 -K 




Tungsten carbide 
p c = 16,000 kg/m3 
c c = 300 J/kg-K 

Cobalt 

p s = 8900 kg/m3 
c s = 750 J/kg-K 
T mp = 1770 K 



h sf = 2.59x1 0 5 J/kg 

ASSUMPTIONS: (1) Particle is isothermal at any instant, (2) Radiation exchange with surroundings 
is negligible, (3) Negligible contact resistance at interface between WC and Co, (4) Constant 
properties. 

ANALYSIS: From Eq. (5.5), the time required to reach the melting point is 



^ Vc )tot ln Tj-Too 



T -T 
x mp 1 oo 



where the total heat capacity of the composite particle is 
(pVc) =(/>Vc) +(pYc) =16,000 kg/m 



+8900 kg/ m>/ 6 



2.0xl0"- 3 m 




= 1.03x10 °+1.36xl0 °J7K = 2.39x10 °J/K 



tl 



2.39x10 °J/K 



-In 



(300 -10, 000) K _ 



2 \ I -5 \ 2 (1770 -10, 000) K 

20,000W/m 2 -Kk 2.0x10 V 1 ' 



56x10 H s 



The time required to melt the Co may be obtained by applying the first law, Eq. (1.1 lb) to a control 
surface about the particle. It follows that 

E in = hxDl - T mp ) t 2 = AE st = p s (a 16) (d o - T>\ ) h sf 



8900kg/m 3 (^/6) 



ti = ■ 



2x10 m 



1.6x10 m 



2.59x10 J/kg 



= 2.28x10 s 



20,000W/m 2 -k|^(2x10 5 mj (l0,000-1770)K 

COMMENTS: (1) The largest value of the radiation coefficient corresponds to h r = sa (T mp + T sur ) 

2 2 \ 2 
T mp + T sur I . For the maximum possible value of s = 1 and T sur = 300K, h r = 378 W/m -K « h = 



20,000 W/m -K. Hence, the assumption of negligible radiation exchange is excellent. (2) Despite the 
large value of h, the small values of D Q and Dj and the large thermal conductivities (~ 40 W/m-K and 
70 W/m-K for WC and Co, respectively) render the lumped capacitance approximation a good one. 
(3) A detailed treatment of plasma heating of a composite powder particle is provided by Demetriou, 
Lavine and Ghoniem (Proc. 5 th ASME/JSME Joint Thermal Engineering Conf., March, 1999). 
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PROBLEM 5.27 

KNOWN: Dimensions and operating conditions of an integrated circuit. 
FIND: Steady-state temperature and time to come within 1°C of steady-state. 
SCHEMATIC: 



Substrate 



T m =zcrc 



h=150\Nfm*-K £9, 



-conv 




L^Smm^ +*lmm 



ASSUMPTIONS: (1) Constant properties, (2) Negligible heat transfer from chip to 
substrate. 

PROPERTIES: Chip material (given): p = 2000 kg/m 3 , c = 700 J/kg-K. 
ANALYSIS: At steady-state, conservation of energy yields 
-E out + Eg = 0 

-h(L 2 )(T f -T oo ) + q(L 2 -t) = 0 
T f =T w+ Si 

T f= 20°C + 9xlQ6w/m3 f- QQlm = 80°C. 
150W/m 2 -K 

From the general lumped capacitance analysis, Equation 5.15 reduces to 
p(L 2 .t)c^ = q(L 2 .t)-h(T-T 00 )L 2 . 

With 



a ~~ 



150 W/m z -K 



b = 



P tc (lOOO kg/m 3 j(0.001 m)(700 J/kg • K) 
q _ 9xlQ 6 W/m 3 
P c ( 2000 kg/m 3 j (700 J/kg • K) 



= 0.107 s 



-1 



= 6.429 K/s. 



From Equation 5.24, 



, , T-Too-b/a 79-20-60 K nM££n 

exp(-at) = - = ) J — = 0.01667 

v ' Tj-Too-b/a (20-20-60)K 

In (0.01667) 



t = - 



-1 



= 38.3 s. 



0.107 s" 

COMMENTS: Due to additional heat transfer from the chip to the substrate, the actual 
values of Tf and t are less than those which have been computed. 
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PROBLEM 5.28 

KNOWN: Dimensions and operating conditions of an integrated circuit. 
FIND: Steady-state temperature and time to come within 1°C of steady-state. 
SCHEMATIC: 




•Subsirwi-e 



Chip, q = e 2xlO t 'W/^ } L=Smm t t=lmm 



ASSUMPTIONS: (1) Constant properties. 

PROPERTIES: Chip material (given): p = 2000 kg/m 3 , c p = 700 J/kg-K. 

ANALYSIS: The direct and indirect paths for heat transfer from the chip to the coolant are 
in parallel, and the equivalent resistance is 



R 



equiv 



hL +R 



t 



3.75x10 3 +5x10 3 |W/K 



-1 



= 114.3 K7W. 



The corresponding overall heat transfer coefficient is 



(^equiv) 0. 



00875W* 350w/m2 . R 



u = 

L z (0.005 m) Z 

To obtain the steady- state temperature, apply conservation of energy to a control surface 
about the chip. 



-E out + Eg - 0 



UL 2 (T f -T oo ) + q(L 2 -t) = 0 



T f = Tq0 + * = 20°C + 9X W , Q - QQ1 " = 45.7°C. 



u 350 W/m" • K 

From the general lumped capacitance analysis, Equation 5.15 yields 

p(L 2 t)c^ = q(L 2 t)-U(T-T 00 )L 2 . 

With 



U 



350 W/m -K 



= 0.250 s 



-1 



P tc |2000 kg/nr* j(0.001 m)(700 J/kg • K) 

q 9xl0 6 W/m 3 
b = — = -r = 6.429 K/s 

P c 2000 kg/m 3 (700 J/kg-K) 

Equation 5.24 yields 

T - Ton - b/a (44.7 -20- 25.7) K 

exp (-at) = 00 = \ ^— = 0.0389 

v ' Ti -Too -b/a (20-20-25.7)K 

t = -In (0.0389)/ 0.250 s" 1 = 13.0 s. 

COMMENTS: Heat transfer through the substrate is comparable to that associated with 
direct convection to the coolant. 
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PROBLEM 5.29 



KNOWN: Dimensions, initial temperature and thermophysical properties of chip, solder and 
substrate. Temperature and convection coefficient of heating agent. 

FIND: (a) Time constants and temperature histories of chip, solder and substrate when heated by an 
air stream. Time corresponding to maximum stress on a solder ball, (b) Reduction in time associated 
with using a dielectric liquid to heat the components. 

SCHEMATIC: 



Chip 

p ch = 2300 kg/m3 
c ch = 710 J/kg-K £ 

o „ > t ch = 0.002 m 

h-i = 50 W/m 2 -K cn 

h 2 = 200 W/m 2 -K > Ji_ 



20°C 



To, = 80°C 




t sb = 0.01 m Sg 



Solder ball 

D = 0.002 mm 
Psd = 11,000 kg/m3 
c sd = 130 J/kg-K 

Substrate 

p sb = 4000 kg/m3 

c sb = 770 J/kg-K 



L sb = 0.025 m 



ASSUMPTIONS: (1) Lumped capacitance analysis is valid for each component, (2) Negligible heat 
transfer between components, (3) Negligible reduction in surface area due to contact between 
components, (4) Negligible radiation for heating by air stream, (5) Uniform convection coefficient 
among components, (6) Constant properties. 

ANALYSIS: (a) From Eq. (5.7), r t =(pVc)/hA 

Chip: V = (l4 h jt ch =(0.015m) 2 (0.002m) = 4.50xl0" 7 m 3 ,A s = ^2L 2 h + 4L ch t ch 
= 2(0.015m) 2 +4(0.015m) 0.002m = 5.70xl0~ 4 m 2 

2300kg/m 3 x4.50xl0" 7 m 3 x710J/kg-K 



50W/m 2 -Kx5.70xl0 4 m 2 



= 25.8s 



Solder: 



V = ttD /6 = ;r(0.002m) 3 /6 = 4.19x10 m ,A S = xD =^(0.002m) 2 =1.26x10" 

ll,000kg/m 3 x4.19xl0~ 9 m 3 xl30J7kg-K nc 
Ti = - ^ 7- — ~ = 9.5s 



50W/m 2 -Kxl.26xl0" 5 m 2 



Substrate: V = (l} sh t sb j = (0.025m) 2 (0.01m) = 6.25 x 10 6 m 3 , A s = L 2 b = (0.025m) 2 = 6.25 x 10 4 m 2 



4000 kg /m 3 x 6.25x10 6 m 3 x770J/kg-K ^ n 
H = = = 616.0s 

50W/m z -Kx6.25xl0 4 m 2 



Substituting Eq. (5.7) into (5.5) and recognizing that (T - Ti)/(Too - Tj) = 1 - (0/00, m which case (T - 

Ti)/(Too -Tj) = 0.99 yields 0/0j = 0.01, it follows that the time required for a component to experience 
99% of its maximum possible temperature rise is 
t 099 = rln(6' i /^) = rln(l00) = 4.61r 

Hence, 



Chip: t = 118.9s, 



Solder: t = 43.8s, 



Substrate: t = 2840 



Continued 
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PROBLEM 5.29 (Cont.) 

Histories of the three components and temperature differences between a solder ball and its adjoining 
components are shown below. 




Time (s) 

-a- Tsd 
-e- Tch 
-6- Tsb 



60 




0 20 40 60 80 100 

Time (s) 



-e— Tsd-Tch 
-A- Tsd-Tsb 

Commensurate with their time constants, the fastest and slowest responses to heating are associated 
with the solder and substrate, respectively. Accordingly, the largest temperature difference is between 
these two components, and it achieves a maximum value of 55°C at 

t( maximum stress) ~ 40s < 

(b) With the 4-fold increase in h associated with use of a dielectric liquid to heat the components, the 
time constants are each reduced by a factor of 4, and the times required to achieve 99% of the 
maximum temperature rise are 

Chip: t = 29.5s, Solder: t = 11.0s, Substrate: t = 708s < 

The time savings is approximately 75%. 

COMMENTS: The foregoing analysis provides only a first, albeit useful, approximation to the 
heating problem. Several of the assumptions are highly approximate, particularly that of a uniform 
convection coefficient. The coefficient will vary between components, as well as on the surfaces of 
the components. Also, because the solder balls are flattened, there will be a reduction in surface area 
exposed to the fluid for each component, as well as heat transfer between components, which reduces 
differences between time constants for the components. 
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PROBLEM 5.30 

KNOWN: Electrical transformer of approximate cubical shape, 32 mm to a side, dissipates 4.0 W 

2 

when operating in ambient air at 20°C with a convection coefficient of 10 W/m -K. 

FIND: (a) Develop a model for estimating the steady-state temperature of the transformer, T(oo), and 
evaluate T(oo), for the operating conditions, and (b) Develop a model for estimating the temperature- 
time history of the transformer if initially the temperature is T; = and suddenly power is applied. 
Determine the time required to reach within 5°C of its steady-state operating temperature. 

SCHEMATIC: 



Transformer model 

32-mm cubical shape 
M = 0.28 kg 
c = 400 J/kg-K 





T(0) = T| = 20°C 
P e =4.0W 



Bottom side 
insulated 



T(t), P e , E st 



CVs for 

(a) steady-state and 

. ^ T(»), P e = 4 W 
■ lev 

mw///> qc 

(b) transient conditions / /Ywy7//j / , 

ASSUMPTIONS: (1) Transformer is spatially isothermal object, (2) Initially object is in equilibrium 
with its surroundings, (3) Bottom surface is adiabatic. 

ANALYSIS: (a) Under steady-state conditions, for the control volume shown in the schematic above, 
the energy balance is 



-in 



E out + E gen — 0 



0 - q cv + P e = -h A s [T (go ) - ] + P e = 0 



where A s = 5 x L = 5 x 0.032m x 0.032m = 5.12 x 10 m , find 



(1) 



T(co): 



Too+P^hAs 



20°C + 4W/|10 W/m 2 -Kx5.12xl0 -3 m 2 



98. 1°C < 



(b) Under transient conditions, for the control volume shown above, the energy balance is 

dT 



E in- E out+ E gen = E st 0-q cv +P e =Mc 



dt 



Substitute from Eq. (1) for P e , separate variables, and define the limits of integration. 
-h[T(t)-T QO ] + h[T(oo)-T QO ] = Mc- 



-h[T(t)-T(co)] = Mc-(T-T(co)) 



Mc 



(2) 



dt 

— f to dt = -f 6 ' 0 — 

Mc J o J o { e 

where 0 - T(t) - T(co); 0i = Tj - T(qo) = T^ - T(co); and 0 o - T(t 0 ) - T(co) with t G as the time when 0 o - 
- 5°C. Integrating and rearranging find (see Eq. 5.5), 



hA s e Q 



0.28kgx400 J/kg-K (20-98.l)°C 
10 W/m 2 -Kx5.12xl0" 3 m 2 " 5 ° c 



67 hour 



COMMENTS: The spacewise isothermal assumption may not be a gross over simplification since 
most of the material is copper and iron, and the external resistance by free convection is high. 

However, by ignoring internal resistance, our estimate for t^ is optimistic. 
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PROBLEM 5.31 



KNOWN: Mass and exposed surface area of a silicon cantilever, convection heat transfer 
coefficient, initial and ambient temperatures. 

FIND: (a) The ohmic heating needed to raise the cantilever temperature from T ; = 300 K to T = 
1000 K in t h = 1 /js, (b) The time required to cool the cantilever from T = 1000 K to T = 400 K, t c 
and the thermal processing time (t p = t h + t c ), (c) The number of bits that can be written onto a 1 
mm x 1 mm surface area and time needed to write the data for a processing head equipped with 
M cantilevers. 

SCHEMATIC: 



T max = 1000 K 
T CO oi = 400K 



Cantilever 




h = 200 x 10 3 W/m 2 -K 
T fi =300 K 



M = 50 x 10" 18 kg 
A s =600 x 10" 15 kg 
T = 300K 




ASSUMPTIONS: (1) Lumped capacitance behavior, (2) Negligible radiation heat transfer, (3) 
Constant properties, (4) Negligible heat transfer to polymer substrate. 

PROPERTIES: Table A.l, silicon (T= 650 K): c p = 878.5 J/kg-K. 
ANALYSIS: 



(a) From Problem 5.20we note that 

0 ft' 
7T = ex P " 



RC 

where 0 = T - T(oo) and T(oo) is the steady-state temperature corresponding to t — > co; 

9; = T ; - T(oo), R = , and C = Mc p . For this problem, 

hA s 



(1) 



R = 



1 



200 x 10 3 W/m 2 • K x 600 x 10" 15 m 2 



= 8.33 x 10 6 K/W 



C = 50 x 10" 18 kg x 878.5 J/kg • K = 43.9 x 10" 15 J/K 



R x C = 8.33 x 10 6 K/W x 43.9 x 10" 15 J/K = 366 x 10" 9 s 



Therefore, Equation 1 may be evaluated as 



Continued. 
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PROBLEM 5.31 (Cont.) 



1000 - T(oo) 



= exp 



1 x 10" 6 s 



366xl0" 9 s y 



= 0.0651 



300 - T(oo) 

hence, T(oo) = 1049K. 

At steady-state, Equation 1.11b yields 

E g = hA s (T(oo) - TJ = 200 x 10 3 W/m 2 • K x 600 x 10" 15 m 2 (1049 - 300) K 
= 90 x 10" 6 W = 90 uW 

(b) Equation 5.6 may be used. Hence, 



e7 =exp 



V Mcy 



where 0 = T - 1\ . Therefore 



400 - 300 
1000 - 300 



= 0.143 = exp 



200 x 10 3 W/m 2 • K x 600 x 10" 15 m 2 



50 x 10" 18 kg x 878.5 J/kg-K 



ort c = 0.71 x 10~ 6 s = 0.71 us 

and t p = th + t c = 1.0 us + 0.71 us = 1.71 us 



< 
< 



(c) Each bit occupies A b = 50 x 10~ 9 m x 50 x 10~ 9 m = 2.5 x 10" 15 m 2 
Therefore, the number of bits on a 1 mm x 1 mm substrate is 



XT 1 x 10" 3 x 1 x 10" 3 m 2 Ann 

N = - — = 400 x 10 b bits 

2.5 x 10" 15 m 2 
The total time needed to write the data (t t ) is, 



t, = 



N x t p _ 400 x 10 6 bits x 1.71 x 10" 6 s/bit 



M 



100 



= 6.84 s 



COMMENTS: (1) Lumped thermal capacitance behavior is an excellent approximation for such 
a small device (2) Each cantilever writes N/M = 400 x 10 6 bits/100 cantilevers = 400 x 10 4 
bits/cantilever. With a separation distance of 50 x 10~ 9 m, the total distance traveled is 50 x 10~ 9 m 
x 400 x 10 4 = 200 x 10" 3 m = 200 mm. If the head travels at 200 mm/s, it will take 1 second to 
move the head, providing a total writing and moving time of 6.84 s + 1 s = 7.84 s. The speed of 
the process is heat transfer-limited. 
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PROBLEM 5.32 



KNOWN: Ambient conditions, initial water droplet temperature and diameter. 

FIND: Total time to completely freeze the water droplet for (a) droplet solidification at T f = 0°C 
and (b) rapid solidification of the droplet at T fjSC . 



SCHEMATIC: 



T:= 10°C 




T 8 = -40°C 
h = 900 W/m 2 'K 



p D = 50 |jm *\ 

ASSUMPTIONS: (1) Isothermal particle, (2) Negligible radiation heat transfer, (3) Constant 
properties. 

PROPERTIES: Table A.6, liquid water (T = 0 °C): c p = 4217 J/kg-K, k = 0.569 W/m-K, p = 
1000 kg/m 3 . Example 1.4: h sf = 334 kJ/kg. 

ANALYSIS: We begin by evaluating the validity of the lumped capacitance method by 
determining the value of the Biot number. 



B, = hL < 



hD/3 900 W/m 2 • K x 50 x 10" 6 m/3 



= 0.026 « 0.1 



k k 0.569 W/m • K 

Hence, the lumped capacitance approach is valid. 
Case A: Equilibrium solidification, Tf = 0°C. 

The solidification process occurs in two steps. The first step involves cooling the drop to T f = 
0°C while the drop is completely liquid. Hence, Equation 5.6 is used where 

A = tiD 2 = n x (50 x 10" 6 m) 2 = 7.85 x 10~ 9 m 2 and 

V = 4ti(D/2) 3 /3 = 4 x ti x (50 x 10" 6 m/2) 3 /3 = 65.4 x 10" 15 m 3 . Equation 5.6 may be 
rearranged to yield 



ti = 



pVc 
~hA~ 



In 



T - T 
T -T„ 



1000 kg/m 3 x 65.4 x 10' 15 m 3 x 4217 J/kg • K 
900 W/m 2 x7.85x 10" 9 m 2 



x In 



0 - (- 40°C) 
10°C - (- 40°C) 



(1) 



ti = 8.7 x 10"' s = 8.7 ms 



Continued... 
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PROBLEM 5.32 (Cont.) 

The second step involves solidification of the ice, which occurs at T f = 0°C. An energy balance 
on the droplet yields 

-E out =AE st or -hA(T f - T 00 )t 2 = pVh sf 

which may be rearranged to provide 

t 2= - PV ^ (2) 
hACTf-TJ 

1000 kg/m 3 x 65.4 x 10- 15 m 3 x 334,000 J/kg 3 

= z n — r = 77.3 x 10 s = 77.3 ms 

900 W/m 2 x 7.85 x 10" 9 m 2 x (0°C - (- 40)°C) 

The time needed to cool and solidify the particle is 

t = tj + 1 2 = 8.7 ms + 77.3 ms = 86 ms < 



Case B : Rapid solidification at Tf ^. 

Using the expression given in the problem statement, the liquid droplet is supercooled to a 
temperature of T f sc prior to freezing. 

T fsc = - 28 + 1.871n(50 x 10" 6 m) = - 36.6°C 

The solidification process occurs in multiple steps, the first of which is cooling the particle to T f sc 
= -36.6°C. Substituting T = T fjSC into Equation 1 yields 
ti= 105 x 10" 3 s = 105 ms 

The second step involves rapid solidification of some or all of the supercooled liquid. An energy 
balance on the particle yields 

E st =0 = pVh sf f=pVc(T f -T fiSC ) (3) 

where f is the fraction of the mass in the droplet that is converted to ice. Solving the preceding 
equation for f yields 

f= c(T f -T fiSC ) = 4217 J/kg • K x (0°C - (- 36.6°Q) = Q m 
h sf 334,000 J/kg 

Hence, immediately after the rapid solidification, the water droplet is approximately 46 percent 
ice and 54 percent liquid. The time required for the rapid solidification is t 2 ~ 0 s. 

The third stage of Case B involves the time required to freeze the remaining liquid water, t 3 . 
Equation 2 is modified accordingly to yield 
d-f)pVh sf 



t 3 = 



hA(T f - TJ 

(1 - 0.462) x 1000 kg/m 3 x 65.4 x 10" 15 m 3 x 334,000 J/kg ,„ , n . 3 

j: 2 ' = 42 x 10 s = 42 ms 

900 W/m 2 x 7.85 x 10" 9 m 2 x (0°C - (- 40)°C) 

Continued.. 
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PROBLEM 5.32 (Cont.) 

The total time to solidify the particle is 

t = ti + t 2 + t 3 = 105 ms + 0 + 42 s = 147 ms < 

The temperature histories associated with Case A and Case B are shown in the sketch below. 

20 
0 

^ -20 
I— 

-40 
-60 

0 50 100 150 200 

t, ms 

COMMENTS: (1) Equation 3 may be derived by assuming a reference temperature of T f = 0 °C 
and a liquid reference state. The energy of the particle prior to the rapid solidification is Ei = 
pVc(T fiSC - T f ). The energy of the particle after the rapid solidification is E 2 = -fpVh sf + (1 - f) 
pVc(T f - T f ) = -fpVh sf . Setting Ei = E 2 yields Equation 3. (2) The average temperature of the 
supercooled particle is significantly lower than the average temperature of the particle of Case A. 
Hence, the rate at which the supercooled particle of Case B is cooled by the cold air is, on 
average, much less than the particle of Case A. Since both particles ultimately reach the same 
state (all ice at T = 0 °C), it takes longer to completely solidify the supercooled particle. (3) For 
Case A, the ice particle at T = 0 °C will be a solid sphere, sometimes referred to as sleet. For Case 
B, the rapid solidification will result in a snowflake. 
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PROBLEM 5.33 



KNOWN: Mass and initial temperature of frozen ground beef. Temperature and convection 
coefficient of air. Rate of microwave power absorbed in beef. 

FIND: (a) Time for beef to reach 0°C, (b) Time for beef to be heated from liquid at 0°C to 80°C, 
and (c) Explain nonuniform heating in microwave and reason for low power setting for thawing. 



SCHEMATIC: 




h = 15W/m z K 



ASSUMPTIONS: (1) Beef is nearly isothermal, (2) Beef has properties of water (ice or liquid), 
(3) Radiation is negligible, (4) Constant properties (different for ice and liquid water). 

PROPERTIES: Table A.3, Ice (~ 273 K): p = 920 kg/m 3 , c = 2040 J/kg-K, Table A.6, Water (~ 
315 K): c = 4179 J/kg-K. 

ANALYSIS: (a) We apply conservation of energy to the beef 



E ; „+E„ =E C 



hA s (To, - T) + q = mc 



dT 
dt 



(1) 



The initial condition is T(0) = T,. This differential equation can be solved by defining 

q 



8 = T - T„ 



Then Eq.(l) becomes 



hA s 

de 



hA„ 



dt mc 
Separating variables and integrating, 
j-e(t) d9 hA c 

V) 9 mc 

9(t)l hA„t 



c J o 



dt 



In 



In 



0(0) _ 
T-T 



mc 



q/hA s 



T -T 



q/hA s 



hA c t 



mc 



(2) 



The heat generation rate is given by q= 0.03P = 0.03(1000 W) = 30 W. The radius of the sphere 
can be found from knowledge of the mass and density: 



Continued. 
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PROBLEM 5.33 (Cont.) 



V 4 3 

m = pV = p-7ir 0 



3 m 
An p 



.1/3 



lkg 



.1/3 



4ti 920 kg/m 3 



= 0.0638 m 



Thus A s = 47ir 0 2 = 4jc(0.0638 m) 2 = 0.051 1 m 2 

Substituting numerical values into Eq.(2), we can find the time at which the temperature reaches 
0°C: 



In 



0°C - 30°C - 30 W/(15 W/m 2 • K x 0.0511 m 2 ) 
20°C -3 0°C - 30W/(15 W/m 2 -Kx 0.0511 m 2 ) 



15 W/m 2 -Kx 0.0511 m 2 
1 kg x 2040 J/kg • K 



Thus t = 676 s = 11.3 min 



(b) After all the ice is converted to liquid, the absorbed power is q = 0.95P = 950 W. The 
time for the beef to reach 80°C can again be found from Eq.(2): 

15 W/m 2 -Kx 0.0511 m 2 



In 



80°C - 30°C 



950W/(15 W/m 2 -Kx 0.0511 m 2 ) 



0°C -3 0°C 



950W/(15 W/m 2 -Kx 0.0511 m 2 ) 



1 kg x 4179 J/kg -K 



Thus t = 355 s = 5.9 min < 

(c) Microwave power is more efficiently absorbed in regions of liquid water. Therefore, 
if food or the microwave irradiation is not homogeneous or uniform, the power will be 
absorbed nonuniformly, resulting in a nonuniform temperature rise. Thawed regions will 
absorb more energy per unit volume than frozen regions. If food is of low thermal 
conductivity, there will be insufficient time for heat conduction to make the temperature 
more uniform. Use of low power allows more time for conduction to occur. 

COMMENTS: (1) The time needed to turn the ice at 0°C into liquid water at 0°C was 
not calculated. The required energy is Q = mhf g = 1 kg x 2502 kJ/kg = 2502 kJ. The 
required time depends on how the fraction of microwave power absorbed changes during 
the thawing process. The minimum possible time would be 

tnrin = 2502 kJ/950 W = 2600 s = 44 min. Therefore, the time to thaw is significant. 

(2) Radiation may not be negligible. It depends on the temperature of the oven walls and 

the emissivity of the beef. Radiation would contribute to heating the beef. 
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PROBLEM 5.34 



KNOWN: Series solution, Eq. 5.39, for transient conduction in a plane wall with convection. 

FIND: Midplane (x*=0) and surface (x*=l) temperatures 9* for Fo=0.1 and 1, using Bi=0.1, 1 and 
10 with only the first four eigenvalues. Based upon these results, discuss the validity of the 
approximate solutions, Eqs. 5.40 and 5.41. 

SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties. 
ANALYSIS: The series solution, Eq. 5.39a, is of the form, 

OO . . 

#* = X C n ex P (<n F o)cos^ n x*j 
n=l 

where the eigenvalues, <^ n , and the constants, C n , are from Eqs. 5.39b and 5.39c. 
£ n tan^ n =Bi C n =4sin £ n /(2<; n +sin(2^ n )). 

The eigenvalues are tabulated in Appendix B.3; note, however, that Q\ and Ci are available from 
Table 5.1. The values of <^ n and C n used to evaluate 9* are as follows: 



Bi 




£2 


c 2 


C3 


c 3 a 


c 4 


0.1 


0.3111 1.0160 


3.1731 


-0.0197 


6.2991 


0.0050 9.4354 


-0.0022 


1 


0.8603 1.1191 


3.4256 


-0.1517 


6.4373 


0.0466 9.5293 


-0.0217 


10 


1.4289 1.2620 


4.3058 


-0.3934 


7.2281 


0.2104 10.2003 


-0.1309 


Using £" n and C n values, the terms of 0 , designated as 6\, 62, #3 and #4, are as follows: 








Fo=0.1 










Bi= 


=0.1 


Bi 


=1.0 


Bi= 


=10 


X* 


0 


1 


0 


1 


0 


1 


„* 


1.0062 


0.9579 


1.0393 


0.6778 


1.0289 


0.1455 


* 


-0.0072 


0.0072 


-0.0469 


0.0450 


-0.0616 


0.0244 




0.0001 


0.0001 


0.0007 


0.0007 


0.0011 


0.0006 


* 
0 4 


-2.99x1 0" 7 


3.00xl0" 7 


2.47xl0" 6 


2.46x1 0" 7 


-3.96xl0" 6 


2.83xl0" 6 


e* 


0.9991 


0.9652 


0.9931 


0.7235 


0.9684 


0.1705 



Continued 
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PROBLEM 5.34 (Cont.) 

Fo=l 







Bi=0.1 




Bi=1.0 




Bi=10 


X* 


0 


1 


0 


1 


0 


1 


„* 
0\ 


0.9223 


0.8780 


0.5339 


0.3482 


0.1638 


0.0232 


„* 


8.35xl0" 7 


8.35xl0" 7 


-1.22xl0" 5 


1.17xl0" 6 


3.49xl0" 9 


1.38xl0" 9 




7.04xl0" 20 




4.70xl0" 20 




4.30xl0" 24 




„* 

e A 


4.77xl0" 42 




7.93xl0" 42 




8.52xl0" 47 




e* 


0.9223 


0.8780 


0.5339 


0.3482 


0.1638 


0.0232 



The tabulated results for 0 =0 \x , Bi, Foj demonstrate that for Fo=l, the first eigenvalue is 

sufficient to accurately represent the series. However, for Fo=0.1, three eigenvalues are required for 
accurate representation. 

A more detailed analysis would show that a practical criterion for representation of the series solution 
by one eigenvalue is Fo>0.2. For these situations the approximate solutions, Eqs. 5.40 and 5.41, are 
appropriate. For the midplane, x =0, the first two eigenvalues for Fo=0.2 are: 



Fo=0.2 x*=0 



Bi 


0.1 


1.0 


10 


„* 
0\ 


0.9965 


0.9651 


0.8389 


„* 
0i 


-0.00226 


-0.0145 


-0.0096 


e* 


0.9939 


0.9506 


0.8293 


Error, % 


+0.26 


+1.53 


+1.16 



The percentage error shown in the last row of the above table is due to the effect of the second term. 
For Bi=0.1, neglecting the second term provides an error of 0.26%. For Bi=l, the error is 1.53%. 

Hence we conclude that the approximate series solutions (with only one eigenvalue) provides 
systematically high results, but by less than 1.5%, for the Biot number range from 0.1 to 10. 
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PROBLEM 5.35 



KNOWN: One-dimensional wall, initially at a uniform temperature, Tj, is suddenly exposed 
to a convection process (Too, h). For wall #1, the time (ti = 100s) required to reach a 
specified temperature at x = L is prescribed, T(L^, t[) = 315°C. 

FIND: For wall #2 of different thickness and thermal conditions, the time, t2, required for 
T(L 2 , t 2 ) = 28°C. 

SCHEMATIC: 



r mt h fit 




ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties. 
ANALYSIS: The properties, thickness and thermal conditions for the two walls are: 



Wall L(m) 



a(m 2 /s) 



k(W/m-K) Ti(°C) Too(°C) h(W/m -K) 



1 

2 



0.10 
0.40 



15x10 
25x10" 



50 
100 



300 
30 



400 
20 



200 
100 



The dimensionless functional dependence for the one-dimensional, transient temperature 
distribution, Eq. 5.38, is 



g * = T(x,t)-T 00 =f /, \ 
Ti -Tqo V ' 



where 



x = x/L 



Bi = hL/k 



Fo = at/L z . 



If the parameters x*, Bi, and Fo are the same for both walls, then 0\ = # 2 ■ Evaluate these 
parameters: 



Wall 



Bi 



Fo 



9=' 



1 

2 



0.40 
0.40 



0.150 
1.563xl0" 4 t 2 



0.85 
0.85 



where 



,* 315-400 



6\ =■ 



300-400 
It follows that 

Fo 2 = Foj 
t 2 = 960s. 



= 0.85 



e * 28.5-20 = Q85 
z 30-20 



1.563xl0^t 2 =0.150 
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PROBLEM 5.36 



KNOWN: The chuck of a semiconductor processing tool, initially at a uniform temperature of T ; = 
100°C, is cooled on its top surface by supply air at 20°C with a convection coefficient of 50 W/m 2 -K. 

FIND: (a) Time required for the lower surface to reach 25°C, and (b) Compute and plot the time-to-cool 
as a function of the convection coefficient for the range 10 < h < 2000 W/m 2 -K; comment on the 
effectiveness of the head design as a method for cooling the chuck. 



SCHEMATIC: 



Air supply, 7^= 20°C 



Cooling head 




Exit air, 

h -50 W/m 2 «K 



Chuck, T(x,0)= 7}= 100°C 

Heater coil 
(deactivated) 



Insulation 

ASSUMPTIONS: (1) One-dimensional, transient conduction in the chuck, (2) Lower surface is perfectly 
insulated, (3) Uniform convection coefficient and air temperature over the upper surface of the chuck, and 
(4) Constant properties. 

PROPERTIES: Table A. 1, Aluminum alloy 2024 ((25 + 100)°C / 2 = 335 K): p = 2770 kg/m 3 , c p = 880 
J/kg- K, k = 179 W/m-K. 

ANALYSIS: (a) The Biot number for the chuck with h = 50 W/m 2 -K is 



hL^W/m'-Kxaoam 
k 179W/mK 



(1) 



so that the lumped capacitance method is appropriate. Using Eq. 5.5, with V/A s = L, 



t : 



-ln- 
hA s 0 



0 = T-X 



#i=Ti-T ( 



/ 3 / / 2 \ (100-20)° C 

t= 2770kg/m j x0.025mx880J/kg-K/50W/m z -K ln- v ' 



(25-20)°C 



t = 3379s = 56.3 min 



Continued... 
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PROBLEM 5.36 (Cont.) 



(b) When h = 2000 W/m 2 -K, using Eq. (1), find Bi = 0.28 > 0.1 so that the series solution, Section 5.5.1, 
for the plane wall with convection must be used. Using the IHT Transient Conduction, Plane Wall 
Model, the time-to-cool was calculated as a function of the convection coefficient. Free convection 
cooling condition corresponds to h « 10 W/m 2 -K and the time-to-cool is 282 minutes. With the cooling 
head design, the time-to-cool can be substantially decreased if the convection coefficient can be increased 
as shown below. 




1000 

Convection coefficient, h (W/m A 2.K) 



2000 
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PROBLEM 5.37 

KNOWN: Thickness, properties and initial temperature of steel slab. Convection conditions. 
FIND: Heating time required to achieve a minimum temperature of 550°C in the slab. 
SCHEMATIC: 



Combustion^ > T™ = 800°C . n „ 

gases P _> h = 250 W/m2-K L = 0.05 m 



Steel, T| = 200°C 



p = 7830 kg/m3 

c = 550 J/kg-K 



k = 48 W/m-K 



Tco,h 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible radiation effects, (3) Constant 
properties. 

ANALYSIS: With a Biot number of hL/k = (250 W/m 2 -K x 0.05m)/48 W/m-K = 0.260, a lumped 
capacitance analysis should not be performed. At any time during heating, the lowest temperature in 
the slab is at the midplane, and from the one-term approximation to the transient thermal response of a 
plane wall, Eq. (5.41), we obtain 

„ T n -T m (550- 800) °C / 2 

e o = -= 5° = S > = 0.417 = Ci exp Fo 

° Tj-Too (200-800)°C 1 \ 1 

With C\ ~ 0-488 rad and C x ~ 1.0396 from Table 5.1 and a = k/ pc = 1.115xl0" 5 m 2 Is, 



< x 2 [ai /L 2 j = ln(0.40l) = -0.914 



,=M^ = 0841(005^ = 86]s < 

Z{a (0.488) 1.115x10 5 m 2 /s 

COMMENTS: The surface temperature at t = 861s may be obtained from Eq. (5.40b), where 
9* =0* cos fax* J = 0.417 cos (0.488 rad) = 0.368. Hence, T(L,792s) = T s = + 0.368 (Tj - ) 

= 800°C - 221°C = 579°C. Assuming a surface emissivity of s = 1 and surroundings that are at 

T sur = T^j = 800°C, the radiation heat transfer coefficient corresponding to this surface temperature is 

(2 2 \ 2 
T s + T sur = 205 W / m • K. Since this value is comparable to the convection 

coefficient, radiation is not negligible and the desired heating will occur well before t = 861s. 
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PROBLEM 5.38 



KNOWN: Pipe wall subjected to sudden change in convective surface condition. See Example 5.4. 

FIND: (a) Temperature of the inner and outer surface of the pipe, heat flux at the inner surface, and 
energy transferred to the wall after 8 min; compare results to the hand calculations performed for the 
Text Example; (b) Time at which the outer surface temperature of the pipe, T(0,t), will reach 25°C; (c) 
Calculate and plot on a single graph the temperature distributions, T(x,t) vs. x, for the initial condition, 
the final condition and the intermediate times of 4 and 8 min; explain key features; (d) Calculate and 
plot the temperature-time history, T(x,t) vs. t, for the locations at the inner and outer pipe surfaces, x = 
0 and L, and for the range 0 < t < 16 min. Use the IHT I Models I Transient Conduction I Plane Wall 
model as the solution tool. 



SCHEMATIC: 



T; = -20°C 



Insulation 




p = 7823 kg/m 3 
c = 434 J/kg-K 
k = 63.9 W/m-K 



= 60°C 
500 W/m 2 -K 



40 mm 



ASSUMPTIONS: (1) Pipe wall can be approximated as a plane wall, (2) Constant 
properties, (3) Outer surface of pipe is adiabatic. 

ANALYSIS: The IHT model represents the series solution for the plane wall providing 
temperatures and heat fluxes evaluated at (x,t) and the total energy transferred at the inner 
wall at (t). Selected portions of the IHT code used to obtain the results tabulated below are 
shown in the Comments. 

(a) The code is used to evaluate the tabulated parameters at t = 8 min for locations x = 0 and L. 
The agreement is very good between the one-term approximation of the Example and the multiple- 
term series solution provided by the IHT model. 



T(L, 8 min), °C 
T(0, 8 min), °C 

Q'(8 min)xl0" 7 , J/m 
(L, 8 min), W/m^ 



Text Ex 5.4 

45.2 
42.9 

-2.73 
-7400 



IHT Model 

45.4 
43.1 

-2.72 
-7305 



(b) To determine the time t 0 for which T(0,t) = 25°C, the IHT model is solved for t Q after setting x = 0 
and T_xt = 25°C. Find, t 0 = 4.4 min. ^ < 

(c) The temperature distributions, T(x,t) vs x, for the initial condition (t = 0), final condition ( t — > go) 
and intermediate times of 4 and 8 min. are shown on the graph below. 



i 

CD 
Q. 

E 

|2 



60 



40 -- 



20 
0 

-20 



Temperature distributions, T(x,t) vs. x 



10 20 30 

Wall location, x (mm) 

Initial condition, t = 0 
t = 4 min 
t = 8 min 

Steady-state condition, t >30 min 



40 



Continued 
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PROBLEM 5.38 (Cont.) 



The final condition corresponds to the steady-state temperature, T (x,oo) = Too. For the intermediate 
times, the gradient is zero at the insulated boundary (x = 0, the pipe exterior). As expected, the 
temperature at x = 0 will be less than at the boundary experiencing the convection process with the hot 
oil, x = L. Note, however, that the difference is not very significant. The gradient at the inner wall, x 
- L, decreases with increasing time. 

(d) The temperature history T(x,t) for the locations at the inner and outer pipe surfaces are 
shown in the graph below. Note that the temperature difference between the two locations is 
greatest at the start of the transient process and decreases with increasing time. After a 16 
min. duration, the pipe temperature is almost uniform, but yet 3 or 4°C from the steady-state 
condition. 



Temperature -time history, T(x,t) vs. t 




Time, t (min) 

Outer surface, x= 0 

— •— Inner surface, x = L 

COMMENTS: (1) Selected portions of the IHT code for the plane wall model are shown below. 
Note the relation for the pipe volume, vol, used in calculating the total heat transferred per unit length 
over the time interval t. 



// Models | Transient Conduction | Plane Wall 

// The temperature distribution is 

T_xt = T_xt_trans("Plane Wall",xstar,Fo,Bi,Ti,Tinf) // Eq 5.39 
//T_xt = 25 // Part (b) surface temperature, x = 0 

// The heat flux in the x direction is 

q"_xt = qdprime_xt_trans("Plane WaN",x,L,Fo,Bi,k,Ti,Tinf) // Eq 2.6 

// The total heat transfer from the wall over the time interval t is 

QoverQo = Q_over_Qo_trans("Plane Wall",Fo,Bi) // Eq 5.45 

Qo = rho * cp * vol * (Ti - Tinf) // Eq 5.44 

//vol = 2 * As * L // Appropriate for wall of 2L thickness 

vol = pi * D * L // Pipe wall of diameter D, thickness L and unit length 

Q = QoverQo * Qo // Total energy transfered per unit length 



(2) Can you give an explanation for why the inner and outer surface temperatures are not very 
different? What parameter provides a measure of the temperature non-uniformity in a system during 
a transient conduction process? 
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PROBLEM 5.39 

KNOWN: Thickness, initial temperature and properties of furnace wall. Convection conditions at 
inner surface. 

FIND: Time required for outer surface to reach a prescribed temperature. Corresponding temperature 
distribution in wall and at intermediate times. 



SCHEMATIC: 



Fire-clay brick: 
Tj = 20°C 
T f (0,t) = 750°C 



A A 



Combustion gases. 



L>x L = 0.15m 



p = 2600 kg/m3 
c p = 1000 J/kg-K 
k = 1 .5 W/m-K 

To, = 950°C 
h = 100 W/m 2 -K 



ASSUMPTIONS: (1) One-dimensional conduction in a plane wall, (2) Constant properties, (3) 
Adiabatic outer surface, (4) Fo > 0.2, (5) Negligible radiation from combustion gases. 

ANALYSIS: The wall is equivalent to one-half of a wall of thickness 2L with symmetric convection 
conditions at its two surfaces. With Bi = hL/k = 100 W/m 2 -K x 0.15m/1.5 W/m-K = 10 and Fo > 0.2, 
the one-term approximation, Eq. 5.41 may be used to compute the desired time, where 

6>* =(T 0 -T o0 )/(T i -T^) = 0.215. From Table 5.1, Ci = 1.262 and ^ = 1.4289. Hence, 



Fo 



t = 



Fo L z 



ln(0.215/1.262) 
(1.4289) 2 

0.867 (0.15m)' 



0.867 



a 



1.5W/m-K/2600 kg/m J xl000 J/kg-K 



= 33,800 s 



The corresponding temperature distribution, as well as distributions at t = 0, 10,000, and 20,000 s are 
plotted below 
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0 0.2 0.4 0 


6 0.8 1 



Dimensionless location, x/L 

-•- t=0 s 

-*- t=1 0,000 s 
-A- t=20,000 s 
— I — t=33,800 s 

COMMENTS: Because Bi »1, the temperature at the inner surface of the wall increases much more 
rapidly than at locations within the wall, where temperature gradients are large. The temperature 
gradients decrease as the wall approaches a steady-state for which there is a uniform temperature of 
950°C. 
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PROBLEM 5.40 

KNOWN: Thickness, initial temperature and properties of steel plate. Convection conditions at both 
surfaces. 

FIND: Time required to achieve a minimum temperature. 
SCHEMATIC: 



A A 



Steel plate: 
Tj = 300°C 
T(0,t f ) = 550°C 



A A 



Combustion gases, 



p =7800 kg/m3 
c p = 500 J/kg-K 
k = 45 W/m-K 



Tco= 700°C 

h = 100 W/m 2 -K 



L>x L = 50 mm 

ASSUMPTIONS: (1) One-dimensional conduction in plate, (2) Symmetric heating on both sides, (3) 
Constant properties, (4) Negligible radiation from gases, (5) Fo > 0.2. 

2 

ANALYSIS: The smallest temperature exists at the midplane and, with Bi = hL/k = 500 W/m -K x 
0.050m/45 W/m-K = 0.556 and Fo > 0.2, may be determined from the one-term approximation of Eq. 

5.41. From Table 5.1, Ci = 1.076 and £j = 0.682. Hence, with 0* = (T 0 - T^ATi - T^) = 0.375, 



Fo 



t = 



Fo If 



ln (#o/Cj)_ in(0.375/1.076)_ 
(0.682) 2 

2.266(0.05m)' 



2.266 



a 



= 491s 



45W/m-K/7800 kg/m J x500 J/kg-K/ 
COMMENTS: From Eq. 5.40b, the corresponding surface temperature is 

T s = Too + (Ti - Too ) 0* cos (Ci ) = 700°C - 400°Cx 0.375 x 0.776 = 584°C 



Because Bi is not much larger than 0.1, temperature gradients in the steel are moderate. 
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PROBLEM 5.41 



KNOWN: Plate of thickness 2L = 25 mm at a uniform temperature of 600°C is removed from a hot 
pressing operation. Case 1, cooled on both sides; case 2, cooled on one side only. 

FIND: (a) Calculate and plot on one graph the temperature histories for cases 1 and 2 for a 500- 
second cooling period; use the IHT software; Compare times required for the maximum temperature in 
the plate to reach 100°C; and (b) For both cases, calculate and plot on one graph, the variation with 
time of the maximum temperature difference in the plate; Comment on the relative magnitudes of the 
temperature gradients within the plate as a function of time. 

SCHEMATIC: 



Case 1: cooling, both sides 



Plate (p, c, k) 



Case 2: cool 



2L = 25 mm I 




600°C 



ng, one side only 



►I 2L = 25 mm 




T(x,0) = Ti 



ASSUMPTIONS: (1) One-dimensional conduction in the plate, (2) Constant properties, and (3) For 
case 2, with cooling on one side only, the other side is adiabatic. 

PROPERTIES: Plate (given): p = 3000 kg/m 3 , c = 750 J/kg-K, k = 15 W/m-K. 

ANALYSIS: (a) From IHT, call up Plane Wall, Transient Conduction from the Models menu. For 
case 1, the plate thickness is 25 mm; for case 2, the plate thickness is 50 mm. The plate center (x = 0) 
temperature histories are shown in the graph below. The times required for the center temperatures to 
reach 100°C are 



ti = 164 s 



t 2 = 367 s 



(b) The plot of T(0, t) - T(l, t), which represents the maximum temperature difference in the plate 
during the cooling process, is shown below. 



Plate center temperature histories 



Temperature difference history 




■ Cooling - both sides 

■ Cooling - one side only 



500 




500 



■ Cooling - both sides 

■ Cooling - one side only 



COMMENTS: (1) From the plate center-temperature history graph, note that it takes more than twice 
as long for the maximum temperature to reach 100°C with cooling on only one side. 

(2) From the maximum temperature-difference graph, as expected, cooling from one side creates a 
larger maximum temperature difference during the cooling process. The effect could cause 
microstructure differences, which could adversely affect the mechanical properties within the plate. 
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PROBLEM 5.42 



KNOWN: Properties and thickness L of ceramic coating on rocket nozzle wall. Convection conditions. 
Initial temperature and maximum allowable wall temperature. 

FIND: (a) Maximum allowable engine operating time, t max , for L = 10 mm, (b) Coating inner and outer 
surface temperature histories for L = 10 and 40 mm. 

SCHEMATIC: 



Metal wall, 



T max = 1500 K;- 




Ceramic, 
T ; = 300 K 



a = 6x10" 6 m 2 /s 
k= 10 W/m-K 



Combustion gases 
7 oo =2300 K 
h = 5000 W/m 2 -K 

ASSUMPTIONS: (1) One-dimensional conduction in a plane wall, (2) Constant properties, (3) 
Negligible thermal capacitance of metal wall and heat loss through back surface, (4) Negligible contact 
resistance at wall/ceramic interface, (5) Negligible radiation. 

ANALYSIS: (a) Subject to assumptions (3) and (4), the maximum wall temperature corresponds to the 
ceramic temperature at x = 0. Hence, for the ceramic, we wish to determine the time t max at which T(0,t) = 
T D (t) = 1500 K. With Bi = hL/k = 5000 W/m 2 -K(0.01 m)/10 W/m-K = 5, the lumped capacitance method 
cannot be used. Assuming Fo > 0.2, obtaining ^ = 1.3138 and d = 1.2402 from Table 5.1, and 

evaluating 0 o = (T 0 — Tqq V(Tj — T^) = 0.4, Equation 5.41 yields 



Fo = 



In^o/Cxj in (0.4/1.2402) 



= 0.656 



Ci (1.3138)* 
confirming the assumption of Fo > 0.2. Hence, 



Fo L 



t 



max 



a 



_0.656(0.01m) 2 _ 
6xl0" 6 m 2 /s 



10.9s 



(b) Using the IHT Lumped Capacitance Model for a Plane Wall, the inner and outer surface temperature 
histories were computed and are as follows: 




0 30 60 90 120 150 



Time, t(s) 



L=0.01,x = L 
L = 0.01,x = 0 
L=0.04, x = L 
L = 0.04, x = 0 

Continued... 
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PROBLEM 5.42 (Cont.) 

The increase in the inner (x = 0) surface temperature lags that of the outer surface, but within t « 45s both 
temperatures are within a few degrees of the gas temperature for L = 0.01 m. For L = 0.04 m, the 
increased thermal capacitance of the ceramic slows the approach to steady-state conditions. The thermal 
response of the inner surface significantly lags that of the outer surface, and it is not until t « 137s that the 
inner surface reaches 1500 K. At this time there is still a significant temperature difference across the 
ceramic, with T(L,t max ) = 2240 K. 

COMMENTS: The allowable engine operating time increases with increasing thermal capacitance of the 
ceramic and hence with increasing L. 



PROBLEM 5.43 



KNOWN: Initial temperature, thickness and thermal diffusivity of glass plate. Prescribed 
surface temperature. 

FIND: (a) Time to achieve 50% reduction in midplane temperature, (b) Maximum 
temperature gradient at that time. 

SCHEMATIC: 




>\-2L=Z0mm 




" 's 



&lass } oc= 6x10 7 m z /<$ } ~(J 
lj-T s = ^00°C 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties. 

ANALYSIS: Prescribed surface temperature is analogous to h — > oo and T^ = T s . Hence, Bi 
= oo. Assume validity of one-term approximation to series solution for T (x,t). 

(a) At the midplane, 

* T Q -T s 



= 0.50 = Ciexp -<fFo 
C,\\.m.C,\ = Bi = oo — > £i = TV 1 2. 



Hence 



4sin<^ 



2£\ + sin (2£\ ) n 



Ci = 



m 0o /q 
Fo = K — n ^ = 0.379 



- = 1.273 



FoL 2 0.379(0.01 m) Z _ 

t = = ^= — ^— = 63 s. 



a 



6xl0" 7 m 2 /s 



(b) With 0* = Crexp^-^Fojcos^x* 

^T_(Ti-T s ) W* _ (Ti-T s ) 



d x 



d Tld x 



max 



d X 



= d Tld x 



L 



ClQexp Fo sinftx 



300 C ;r 



0.5 = -2.36x10^ C/m. 



x =1 0.01 m 2 

COMMENTS: Validity of one-term approximation is confirmed by Fo > 0.2. 
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PROBLEM 5.44 



KNOWN: Thickness and properties of rubber tire. Convection heating conditions. Initial and final 
midplane temperature. 

FIND: (a) Time to reach final midplane temperature, (b) Effect of accelerated heating. 
SCHEMATIC: 



^SteamJ 



Steam) '°° 



/7 = 200 W/m 2 -K 
T= 200 °C 



k = 0.14 W/mK 



Rubber J a = 6.35x1 0" 8 m 2 /s 



h*y L = 0.01 m 



Tj = 25 °C 
T(0,t f ) = 150 °C 



ASSUMPTIONS: (1) One-dimensional conduction in a plane wall, (2) Constant properties, (3) 
Negligible radiation. 

ANALYSIS: (a) With Bi = hL/k = 200 W/m 2 -K(0.01 m)/0.14 W/m-K = 14.3, the lumped capacitance 
method is clearly inappropriate. Assuming Fo > 0.2, Eq. (5.41) may be used with d = 1.265 and C,\ « 
1.458 rad from Table 5.1 to obtain 



On 



T ° T °° = Ci exp (-^ 2 Fo| = 1 .265 exp (-2. 1 26 Fo) 



With 6 0 =(T o -T 0O )/(T i -T o0 ) = (-50)/(- 175) = 0.286, Fo = -ln(0.286/l.265)/2.126 = 0.70 = atf /L 

0.7(0.01m) 2 . 

tf= * =-^- = 11008 < 

6.35 xlO" 8 m 2 /s 

(b) The desired temperature histories were generated using the IHT Transient Conduction Model for a 
Plane Wall, with h = 5 x 10 4 W/m 2 -K used to approximate imposition of a surface temperature of 200°C. 




The fact that imposition of a constant surface temperature (h — > oo) does not significantly accelerate the 
heating process should not be surprising. For h = 200 W/m 2 -K, the Biot number is already quite large (Bi 
= 14.3), and limits to the heating rate are principally due to conduction in the rubber and not to 
convection at the surface. Any increase in h only serves to reduce what is already a small component of 
the total thermal resistance. 

COMMENTS: The heating rate could be accelerated by increasing the steam temperature, but an upper 
limit would be associated with avoiding thermal damage to the rubber. 
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PROBLEM 5.45 



KNOWN: Stack or book comprised of 1 1 metal plates (p) and 10 boards (b) each of 2.36 
mm thickness and prescribed thermophysical properties. 

FIND: Effective thermal conductivity, k, and effective thermal capacitance, (pep). 
SCHEMATIC: 



£ook t 

M=llpfaies 
N = 10 boards (_ ■ 




/Plate (p) 



1/ V V 'fo ^Ph+e (p\Z36mm 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible contact resistance 
between plates and boards. 

PROPERTIES: Metal plate (p, given): p p = 8000 kg/m 3 , c p , p = 480 J/kg-K, k p = 12 
W/m-K; Circuit boards (b, given): p b = 1000 kg/m 3 , c p , b = 1500 J/kg-K, k b = 0.30 W/m-K. 

ANALYSIS: The thermal resistance of the book is determined as the sum of the resistance of 
the boards and plates, 

Ri'ot=NR b +MR p 

where M,N are the number of plates and boards in the book, respectively, and R[ = Lj /kj 
where Li and ki are the thickness and thermal conductivities, respectively. 

Riot =M(L p /k p ) + N(L b /k b ) 

R tot = 1 1(0.00236 m/12 W/m ■ K) + 10 (0.00236 m/0.30 W/m • K) 
Rt ot =2.163xl0" 3 +7.867xl0" 2 = 8.083 xlO" 2 K/W. 
The effective thermal conductivity of the book of thickness (10 + 11) 2.36 mm is 

0.04956 m 



k = L/R7, 



tot 9 

8.083 xl0" z K/W 



0.613 W/m-K. 



The thermal capacitance of the stack is 

C Iot = M (/?p L p c p) + N (^b L b c b) 

Ct ot = 1 1^8000 kg/m 3 x 0.00236 m x 480 J/kg ■ K j + 10^1000 kg/m 3 x 0.00236 m x 1500 J/kg • K j 



Ct ot = 9.969 xl0 4 + 3.540 xlO 4 =1.35xl0 5 J/m 2 -K. 



The effective thermal capacitance of the book is 

(/?c p ) = Ct ot /L = l. 351 xlO 5 J/m 2 • K/0.04956 m = 2.726 xlO 6 J/m 3 -K. < 

COMMENTS: The results of the analysis allow for representing the stack as a homogeneous 

-7 2 

medium with effective properties: k = 0.613 W/m-K and a = (k/pc p ) = 2.249x10 m /s. See 
for example, Problem 5.41. 
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PROBLEM 5.46 



KNOWN: Stack of circuit board-pressing plates, initially at a uniform temperature, is subjected by 
upper/lower platens to a higher temperature. 

FIND: (a) Elapsed time, t e , required for the mid-plane to reach cure temperature when platens are 
suddenly changed to T s = 190°C, (b) Energy removal from the stack needed to return its temperature 
to Ti. 

SCHEMATIC: 

Pl a +en t Tl(+-O>T(L > i->0yi<10*C 



I — fiaTen t 




Stack, T(x,o)=lJ 



6 3 7 
PROPERTIES: Stack (given): k = 0.613 W/m-K, pc p = 2.73x10 J/m K; a = k/pc p = 2.245xl0~ 

2 

m Is. 

ANALYSIS: (a) Recognize that sudden application of surface temperature corresponds to h — > go, or 
Bi->oo. With T s = 



0, 



* _ T(0,t)-T s _ (170-190)° C 



0.114. 



T i" T s (15-190)° C 
Using Eq. 5.41 with values of £j =1.5707 and Cj =1.2733 for Bi -> oo (Table 5.1), find Fo 



6g=Ciexp(-^ 2 Fo) 



Fb = ~b(6S/Ci) = 

^1 
2 

where Fo - at/L , 



(1.5707)' 



-ln(0.1 14/1.2733) = 0.977 



FoL^ 



a 



2 0.977 25x10 J m 



2.245x10 7 m 2 /s 



2.720xl0 3 s = 45.3 min. 



(b) The energy removal is equivalent to the energy gained by the stack per unit area for the time 
interval 0 — > t e . With Q D corresponding to the maximum amount of energy that could be transferred, 

Q" 0 =/7c(2L)(T i -T oo ) = 2.73xl0 6 J/m 3 • K^2 x 25 x lCf 3 mj(l5-190)K = -2.389xl0 ? J/m 2 ' 
Q" may be determined from Eq. 5.46, 



01 = 1-^1^ =i- sin ^- 57Q7rad )xo.i 

Qo Ci 1.5707 rad 



14 = 0.927 



We conclude that the energy to be removed from the stack per unit area to return it to Tj is 
Q" = 0.927Q£ =0.927 x2.389xl0 7 J/m 2 = 2.21xl0 7 J/m 2 . 
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PROBLEM 5.47 

KNOWN: Thickness, initial temperature and properties of plastic coating. Safe-to-touch 
temperature. Convection coefficient and air temperature. 

FIND: Time for surface to reach safe-to-touch temperature. Corresponding temperature at 
plastic/wood interface. 



SCHEMATIC: 

Air" 



T ro =25°C 

h = 200 W/m 2 -K 



L = 0.002 m 



Plastic 
Tj = 200°C 
k = 0.250 W/m-K 
a = 1.20x10-7 m 2/ s 

Wood 



ASSUMPTIONS: (1) One-dimensional conduction in coating, (2) Negligible radiation, (3) Constant 
properties, (4) Negligible heat of reaction, (5) Negligible heat transfer across plastic/wood interface. 

ANALYSIS: With Bi = hL/k = 200 W/m 2 K x 0.002m/0.25 W/m-K = 1.6 > 0.1, the lumped 
capacitance method may not be used. Applying the approximate solution of Eq. 5.40a, with Ci = 
1.155 and £j = 0.990 from Table 5.1, 

T — T f 42 — 25l°C / o \ / \ 

0* = » = A Z_ = o 0971 = q expl -^i Fo IcosKjX* = 1. 1 55exp ( -0.980 Fo) cos ( 0.99) 

— ( 200 — 25 ) C 



Hence, for x = 1, 



Fo 



-In 



0.0971 



1.155cos(0.99) 



/(0.99) 2 =1.914 



FoL 2 1.914(0.002mf 
t = — — = * — „ J =63.8s 



a 



1.20x10 7 m 2 /s 



From Eq. 5.41, the corresponding interface temperature is 

T Q =T oo +(T i -T oo )exp(-^ 1 2 Foj = 25 o C + 175 o Cexp(-0.98xl.914) = 51.8°C < 

COMMENTS: By neglecting conduction into the wood and radiation from the surface, the cooling 
time is overpredicted and is therefore a conservative estimate. However, if energy generation due to 
solidification of polymer were significant, the cooling time would be longer. 
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PROBLEM 5.48 



KNOWN: Long rod with prescribed diameter and properties, initially at a uniform temperature, is heated 
in a forced convection furnace maintained at 750 K with a convection coefficient of h = 1000 W/m 2 -K. 

FIND: (a) The corresponding center temperature of the rod, T(0, t 0 ), when the surface temperature T(r D , 
t Q ) is measured as 550 K, (b) Effect of h on centerline temperature history. 

SCHEMATIC: 

D = 60mm^ ^ . r p = 8000 kg/m 3 

a a /CC""""" -4— < c = 500 J/kg.K 
7oo= 750 K l\ ] J lk = 50W/m-K 



1 00 < /? < 1000W/m 2 -K 



T(r 0 ,t 0 ) = 550 K (Part a) 



ASSUMPTIONS: (1) One-dimensional, radial conduction in rod, (2) Constant properties, (3) Rod, when 
initially placed in furnace, had a uniform (but unknown) temperature, (4) Fo > 0.2. 

ANALYSIS: (a) Since the rod was initially at a uniform temperature and Fo > 0.2, the approximate 
solution for the infinite cylinder is appropriate. From Eq. 5.49b, 

/(r*,Fo) = ^(Fo)J 0 (Cir*) (1) 
where, for r = 1, the dimensionless temperatures are, from Eq. 5.31, 

^(l,Fo)= T fa; to )" To ° ^(Fo)= T ^ to) " To ° (2,3) 

Combining Eqs. (2) and (3) with Eq. (1) and rearranging, 

T(r o ,t o )-T oo _T(0,t o )-T a 



T- — T T- — T 



Jofe-i) 



T(0,t o ) = T oo +--^- T [T(r o ,t o )-T oo ] 

J oKi] 



(4) 



The eigenvalue, Q = 1.0185 rad, follows from Table 5.1 for the Biot number 

hr n 1000w/m 2 -K(0.060m/2) 

Bi = — 5- = i ^ = 0.60. 

k 50W/m-K 

From Table B-4, with Q = 1.0185 rad, J 0 (1.0185) = 0.7568. Hence, from Eq. (4) 

T(0,t o ) = 750K + — 1 — [550-750]K = 486K < 
0.7568 

(b) Using the IHT Transient Conduction Model for a Cylinder, the following temperature histories were 
generated. 

Continued. 
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PROBLEM 5.48 (Cont.) 




0 100 200 300 400 

Time, t(s) 



h= 100W/m A 2.K 
h= 500W/m A 2.K 
h = 1000 W/m"2.K 



The times required to reach a centerline temperature of 500 K are 367, 85 and 51s, respectively, for h = 
100, 500 and 1000 W/m 2 -K. The corresponding values of the Biot number are 0.06, 0.30 and 0.60. 
Hence, even for h = 1000 W/m 2 -K, the convection resistance is not negligible relative to the conduction 
resistance and significant reductions in the heating time could still be effected by increasing h to values 
considerably in excess of 1000 W/m 2 -K. 

COMMENTS: For Part (a), recognize why it is not necessary to know T ; or the time t Q . We require that 
Fo > 0.2, which for this sphere corresponds to t > 14s. For this situation, the time dependence of the 
surface and center are the same. 
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PROBLEM 5.49 

KNOWN: A long cylinder, initially at a uniform temperature, is suddenly quenched in a large oil bath. 

FIND: (a) Time required for the surface to reach 500 K, (b) Effect of convection coefficient on surface 
temperature history. 



SCHEMATIC: 




D = 30 mm 

7(r,0) = T,= 1000 K 

p = 400 kg/m 3 
c= 1600 J/kg-K 
k = 1 .7 W/m-K 



[Bath) \\ 
7^ = 350 K 
h = 50, 250 W/m 2 -K 
T(r 0 ,t) = 500 K" 

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) Fo > 0.2. 
ANALYSIS: (a) Check first whether lumped capacitance method is applicable. For h = 50 W/m 2 -K, 

.2 



hL c _ h(r G /2) _ 50W/m z • K(0.015m/2) 



1.7W/m-K 



= 0.221. 



Since Bi c > 0. 1 , method is not suited. Using the approximate series solution for the infinite cylinder, 



0 ,Foj = C 1 exp^fFo)xJ 0 (^ 1 r 
Solving for Fo and setting r* = 1 , find 



(1) 



Fo = 



1 



In 



e 



CiJo(Cl) 



where 0 



s Tfib.to)-^ (500-350)K 
(LFo)= V 0) 4 — = 0.231 . 



Ti-T a 



(1000-350)K 



From Table 5.1, with Bi = 0.441, find ^ = 0.8882 rad and Q = 1.1019. From Table B.4, find J 0 (Ci) = 
0.8121. Substituting numerical values into Eq. (2), 



Fo 



1 



(0.8882)' 



-ln[0.231/1.1019x0.812l] = 1.72. 



From the definition of the Fourier number, Fo = at/ r Q , and a = k/pc, 



t = Fo— = Fo ■ r„ £ — 



a 



t = 1.72(0.015m) x400kg/V xl600J/kg • K/1.7 W/m- K = 145s . < 

(b) Using the IHT Transient Conduction Model for a Cylinder, the following surface temperature histories 
were obtained. 

Continued... 
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PROBLEM 5.49 (Cont.) 




Increasing the convection coefficient by a factor of 5 has a significant effect on the surface temperature, 
greatly accelerating its approach to the oil temperature. However, even with h = 250 W/m 2 -K, Bi = 1.1 
and the convection resistance remains significant. Hence, in the interest of accelerated cooling, additional 
benefit could be achieved by further increasing the value of h. 

COMMENTS: For Part (a), note that, since Fo = 1.72 > 0.2, the approximate series solution is 
appropriate. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.50 

KNOWN: Long pyroceram rod, initially at a uniform temperature of 900 K, and clad with a thin metallic 
tube giving rise to a thermal contact resistance, is suddenly cooled by convection. 

FIND: (a) Time required for rod centerline to reach 600 K, (b) Effect of convection coefficient on 
cooling rate. 

SCHEMATIC: 

D = 20 mm /~ Tnin metal ^be 

[Fluid) 



Thermal contact resistance, 
T M =300 K ( X"«J^ — fyc = 0-12 rri'K/W 




100 <h< 1000 W/m 2 -K 7^ Pyroceram rod 

7(x,0) = Tj = 900 

T(0,f) = 600 K 
Part (a) 

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Thermal resistance and capacitance of 
metal tube are negligible, (3) Constant properties, (4) Fo > 0.2. 

PROPERTIES: Table A-2, Pyroceram (f = (600 + 900)K/2 = 750 K): p = 2600 kg/m 3 , c = 1 100 
J/kg-K,k = 3.13 W/m-K. 

ANALYSIS: (a) The thermal contact and convection resistances can be combined to give an overall heat 
transfer coefficient. Note that R{ c [m-K/W] is expressed per unit length for the outer surface. Hence, 

forh= 100W/m 2 -K, 

1 1 11 
U = -. - = - = 57.0W"/m -K. 

V h + R t,c (^ D ) 1/100 W/m 2 ■ K + 0. 12 m ■ K/W {n x 0.020 m) 

Using the approximate series solution, Eq. 5.49c, the Fourier number can be expressed as 
Fo = -(l/c i 2 )ln(^7c 1 ). 

From Table 5.1, find £i = 0.5884 rad and Q = 1.0441 for 

2 



Bi = Ur 0 /k = 57.0 W/nT • K(0.020m/2)/3. 13 W/m-K = 0.182 . 

The dimensionless temperature is 

,>, Fo) = T(0..)-T„ J600- 3 Q0) K=05 
ov ; Tj-Too (900-300)K 

Substituting numerical values to find Fo and then the time t, 

Fo = In -2^- = 2.127 

(0.5884) 2 1-0441 

t = F o^- = Fo-r ( 2 ^ 



a k 



t = 2.127(0.020m/2) 2 2600kg/m 3 xll00J/kg-K/3.13W/m-K = 194s. < 

(b) The following temperature histories were generated using the IHT Transient conduction Model for a 
Cylinder. 

Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.50 (Cont.) 




While enhanced cooling is achieved by increasing h from 100 to 500 W/m 2 -K, there is little benefit 
associated with increasing h from 500 to 1000 W/m 2 -K. The reason is that for h much above 500 
W/m 2 -K, the contact resistance becomes the dominant contribution to the total resistance between the 
fluid and the rod, rendering the effect of further reductions in the convection resistance negligible. Note 
that, for h = 100, 500 and 1000 W/m 2 -K, the corresponding values of U are 57.0, 104.8 and 117.1 
W/m 2 -K, respectively. 

COMMENTS: For Part (a), note that, since Fo = 2.127 > 0.2, Assumption (4) is satisfied. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.51 



KNOWN: Sapphire rod, initially at a uniform temperature of 800 K is suddenly cooled by a 
convection process; after 35 s, the rod is wrapped in insulation. 

FIND: Temperature rod reaches after a long time following the insulation wrap. 



SCHEMATIC: 



Too = 300 K //J 

h=1600W/mZ-K 



Rod, r o -Z0mm 
T( Xl O) = Ti = 300K 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) No heat losses 
from the rod when insulation is applied. 

3 

PROPERTIES: Table A-2, Aluminum oxide, sapphire (550K): p = 3970 kg/m , c = 1068 J/kg-K, k 
= 22.3 W/m-K, a = 5.259xl0~ 6 m 2 /s. 

ANALYSIS: First calculate the Biot number with L c = r G /2, 

,._hL c _h(r 0 /2)_ 1600 W/m 2 -K (0.020 m/2) 



Bi 



= 0.72. 



k k 22.3 W/m-K 

Since Bi > 0.1, the rod cannot be approximated as a lumped capacitance system. The temperature 
distribution during the cooling process, 0 < t < 35 s, and for the time following the application of 
insulation, t > 35 s, will appear as 

771%^ v-T(0,t) 

I co-- {(r g ,3Ds) 

I 1 > 

O 35- //me,.s 

Eventually (t — > 00), the temperature of the rod will be uniform at T(oo) . 



We begin by determining the energy transferred from the rod at t = 35 s. We have 

„. hr G 1600 W/m 2 -K x 0.020 m 

Bi = — — = = 1 .43 

k 22.3 W/m-K 

Fo = at /r 0 2 =5.259 xlO" 6 m 2 /sx35 s/(0.02 m) 2 =0.46 

Since Fo > 0.2, we can use the one-term approximation. From Table 5.1, d = 1.4036 rad, Q 
1.2636. Then from Equation 5.49c, 

6l = C\ exp(-^ 2 Fo) = 1 .2636 exp(-l .4036 2 x 0.46) = 0.766 



and from Equation 5.51 



Continued... 
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PROBLEM 5.51 (Cont.) 



^ = 1-^,(^ = 1-^^0.5425 = 0.408 
Q 0 C\ 1-4036 

where Ji(Ci) was found from App. B.4. Since the rod is well insulated after t = 35 s, the energy 
transferred from the rod remains unchanged. To find T(oo) , write the conservation of energy 

requirement for the rod on a time interval basis, E in - E out = AE = E final - E initial . Using the 

nomenclature of Section 5.5.3 and basing energy relative to T^, the energy balance becomes 
-Q = pcV(T(^))-T 00 )-Q o 

where Q G = pcV(Tj - Too). Dividing through by Q Q and solving for T(oo), find 
TH = T o0 +(T i -T o0 )(l-Q/Q o ). 

Hence, 

f (oo) = 300K + (800-300)K (1-0.408) = 596 K. < 
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PROBLEM 5.52 

KNOWN: Long plastic rod of diameter D heated uniformly in an oven to Tj and then 

allowed to convectively cool in ambient air (Too, h) for a 3 minute period. Minimum 
temperature of rod should not be less than 200°C and the maximum-minimum temperature 
within the rod should not exceed 10°C. 

FIND: Initial uniform temperature Ti to which rod should be heated. Whether the 10°C 
internal temperature difference is exceeded. 

SCHEMATIC: 

Rod. r 0 -lSm?n -\. 

T m =Z5°C //< V A T(r 0 ,3 m ;n)-200 a C, 

h-SW/m^K / / ^» 1 worst case condition 

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) 
Uniform and constant convection coefficients. 

PROPERTIES: Plastic rod (given): k = 0.3 W/m-K, pc p = 1040 kJ/m 3 -K. 

ANALYSIS: For the worst case condition, the rod cools for 3 minutes and its outer surface is 
at least 200°C in order that the subsequent pressing operation will be satisfactory. Hence, 

„. hr 0 8 W/m 2 -Kx0.015m 

Bi = — ^ = = 0.40 

k 0.3 W/m-K 
D ot k t 0.3 W/m-K 3x60s 
Fo = — = = x = 0.2308. 

r Q z Pc p ^ 1040X10 3 J/m 3 -K (0.015 mf 
Using Eq. 5.49a and £ = 0.8516 rad and Ci = 1.0932 from Table 5.1, 



* T(r o ,t)-T 00 / *\ / 2 

= V T _ = CiJ 0 \ClT6 )e x P(-Ci Fo 



0 = 

Ti-T 

With r* = 1, from Table B.4, J 0 x l) = J Q (0.8516) = 0.8263, giving 

^^ = 1.0932x0.8263exp(-0.8516 2 x0.2308j T i= 254 0 C. < 

At this time (3 minutes) what is the difference between the center and surface temperatures of 
the rod? From Eq. 5.49b, 

0* _T(r o ,t)-T 00 _ 200-25 



J 0 (Cir 0 *) = 0.8263 



0 o T^tj-Too T(0,t)-25 
which gives T(0,t) = 237°C. Hence, 

AT = T(0,180s) -T(r o ,180s) = (237 - 200)° C = 37°C. < 
Hence, the desired max-min temperature difference sought (10°C) is not achieved. 

COMMENTS: AT could be reduced by decreasing the cooling rate; however, h can not be 
made much smaller. Two solutions are (a) increase ambient air temperature and (b) non- 
uniformly heat rod in oven by controlling its residence time. 
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PROBLEM 5.53 



KNOWN: Diameter and initial temperature of roller bearings. Temperature of oil bath and 
convection coefficient. Final centerline temperature. Number of bearings processed per hour. 

FIND: Time required to reach centerline temperature. Cooling load. 

SCHEMATIC: 

Stainless steel 



Tj = 500°C 
T(0,t f ) = 50°C 
N = 10 




L= 1 m 



Too = 30°C 

h = 500 W/m 2 -K 



fc- i 



D = 0.10 m 



ASSUMPTIONS: (1) One-dimensional, radial conduction in rod, (2) Constant properties. 
PROPERTIES: Table A.1, St. St. 304 (f = 548 K) : p=7900 kg/m 3 , k = 19.0 W/m-K, c p = 546 
J/kg-K, a = 4.40 x 10" 6 m 2 /s. 

ANALYSIS: With Bi = h (r 0 /2)/k = 0.658, the lumped capacitance method can not be used. From the 
one-term approximation of Eq. 5.49 c for the centerline temperature, 



el 



To Tqo 



Tj-Too 500-30 



50 A) 0.0426 = Ci exp i-^Fo 1 = 1.1382 exp 



(0.9287) Fo 



where, for Bi = hro/k = 1.316, Ci = 1.2486 and £ = 1.3643 from Table 5.1. 
Fo = -&i(0.034l)/1.86 = 1.82 

tf = For 2 /« = 1.82(0.05 m) 2 /4.40xl0" 6 = 1031s = 17min 
From Eqs. 5.44 and 5.51, the energy extracted from a single rod is 

20* 



Q = pcV(T i -T 00 ) 



^Jl(Cl) 



With Ji (1.3643) = 0.535 from Table B.4, 



Q = 7900 kg /m J x 546 J/kg-K 



The nominal cooling load is 



it (0.05 m) lm 



470 K 



0.0852x0.535 
1.3643 



1.54 xlO 7 J 



_ NQ 10x1.54x10' J . , n 1a5w 1/miTI , 

q = — — = = 1.49x10 W = 149 kW 

t f 1031s 

COMMENTS: For a centerline temperature of 50°C, Eq. 5.49b yields a surface temperature of 
T (r G , t) = Tqo + ( T i " T oo ) #o Jo {Cl ) = 30°C + 470°C x 0.0426x 0.586 = 41 .7°C 
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PROBLEM 5.54 




KNOWN: Long rods of 40 mm- and 80-mm diameter at a uniform temperature of 400°C in a 
curing oven, are removed and cooled by forced convection with air at 25°C. The 40-mm 
diameter rod takes 280 s to reach a safe-to-handle temperature of 60°C. 

FIND: Time it takes for a 80-mm diameter rod to cool to the same safe-to-handle temperature. 
Comment on the result? Did you anticipate this outcome? 

SCHEMATIC: 

i- T(r 0 ,t 0 ) = 60°C /- T(r 0 ,t 0 ) = 60°C 

/ t 0 = 280 s / t 0 = ? 

40-mm diameter rod (p, c, k) 80-mm diameter rod (p, c, k) 

ASSUMPTIONS: (1) One-dimensional radial (cylindrical) conduction in the rods, (2) Constant 
properties, and (3) Convection coefficient same value for both rods. 

PROPERTIES: Rod (given): p = 2500 kg/m 3 , c = 900 J/kg-K, k = 15 W/m-K. 

ANALYSIS: Not knowing the convection coefficient, the Biot number cannot be calculated to 
determine whether the rods behave as spacewise isothermal objects. Using the relations from 
Section 5.6, Radial Systems with Convection, for the infinite cylinder, Eq. 5.50, evaluate 

2 

Fo = a t /r 0 , and knowing T(r Q , t 0 ), a trial-and-error solution is required to find Bi = h r 0 /k and 
hence, h. Using the IHT Transient Conduction model for the Cylinder, the following results are 
readily calculated for the 40-mm rod. With t G = 280 s, 

Fo = 4.667 Bi = 0.264 h = 197.7 W/m 2 • K 

For the 80-mm rod, with the foregoing value for h, with T(r 0 , t Q ) = 60°C, find 

Bi = 0.528 Fo = 2.413 t 0 =579 s < 

COMMENTS: (1) The time-to-cool, t 0 , for the 80-mm rod is slightly more than twice that for 
the 40-mm rod. Did you anticipate this result? Did you believe the times would be proportional 
to the diameter squared? 

(2) The simplest approach to explaining the relationship between t Q and the diameter follows 

from the lumped capacitance analysis, Eq. 5.13, where for the same 0/0;, we expect Bi-Fo 0 to be a 
constant. That is, 

h - r o y ai o =c 



yielding t G ~ r 0 (not r^). 
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PROBLEM 5.55 




KNOWN: Initial temperature, density, specific heat and diameter of cylindrical rod. Convection 
coefficient and temperature of air flow. Time for centerline to reach a prescribed temperature. 
Dependence of convection coefficient on flow velocity. 

FIND: (a) Thermal conductivity of material, (b) Effect of velocity and centerline temperature and 
temperature histories for selected velocities. 

SCHEMATIC: 

Specimen 

p= 1200 kg/m3 

c= 1250 J/kg-K 
D = 0 .04m^^^ Ti=100°C 

T(0,1136 s) = 40°C 



Tco=25°C 
<<?LS h = CV 0.618 

ASSUMPTIONS: (1) Lumped capacitance analysis can not be used but one-term approximation for 
an infinite cylinder is appropriate, (2) One-dimensional conduction in r, (3) Constant properties, (4) 
Negligible radiation, (5) Negligible effect of thermocouple hole on conduction. 

ANALYSIS: (a) With 0* =[T o (0,l 136s) - T^ATi - T^) = (40 - 25)/(100 - 25) = 0.20, Eq. 5.49c 
yields 

at k t k(ll36s) . . ? 

Fo = — = - = i 1 - = -ln(0.2/C 1 )/^i (1) 

r o P c p r o 1200 kg/m 3 xl250J/ kg- Kx (0.02m) 

Because Ci and £i depend on Bi = hr 0 /k, a trial-and-error procedure must be used. For example, a 

value of k may be assumed and used to calculate Bi, which may then be used to obtain Ci and £j from 

Table 5.1. Substituting Ci and C,\ into Eq. (1), k may be computed and compared with the assumed 
value. Iteration continues until satisfactory convergence is obtained, with 

k«0.30W7m-K < 

and, hence, Bi = 3.67, Ci = 1.45, £\ = 1.87 and Fo = 0.568. For the above value of k, 
— ln(0.2/ G[J/£| = 0.567, which equals the Fourier number, as prescribed by Eq. (1). 

(b) With h = 55 W/m 2 K for V = 6.8 m/s, h = CV°' 618 yields a value of C = 16.8 W-s° 618 /m 2 ' 618 -K. 
The desired variations of the centerline temperature with velocity (for t = 1 136 s) and time (for V = 3, 
10 and 20 m/s) are as follows: 

Continued 
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PROBLEM 5.55 (Cont.) 




Air velocity, V(m/s) Time,t(s) 

V=3 m/s 
V=10m/s 
V=20 m/s 



With increasing V from 3 to 20 m/s, h increases from 33 to 107 W/m -K, and the enhanced cooling 
reduces the centerline temperature at the prescribed time. The accelerated cooling associated with 
increasing V is also revealed by the temperature histories, and the time required to achieve thermal 
equilibrium between the air and the cylinder decreases with increasing V. 

COMMENTS: (1) For the smallest value of h = 33 W/m 2 K, Bi = h (ro/2)/k = 1.1 » 0.1, and use of 
the lumped capacitance method is clearly inappropriate. 

(2) The IHT Transient Conduction Model for a cylinder was used to perform the calculations of Part 
(b). Because the model is based on the exact solution, Eq. 5.47a, it is accurate for values of Fo < 0.2, 
as well as Fo > 0.2. Although in principle, the model may be used to calculate the thermal 
conductivity for the conditions of Part (a), convergence is elusive and may only be achieved if the 
initial guesses are close to the correct results. 
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PROBLEM 5.56 



KNOWN: Diameter, initial temperature and properties of stainless steel rod. Temperature and 
convection coefficient of coolant. 

FIND: Temperature distributions for prescribed convection coefficients and times. 
SCHEMATIC: 

Stainless steel . y D = 30 mm 

T = 325°C 
p'=8000 kg/m3 



c p = 475 J/kg-K 
k = 15 W/m-K 




Too=25°C 

h = 100, 1000, 5000 W/m 2 -K 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties. 

ANALYSIS: The IHT model is based on the exact solution to the heat equation, Eq. 5.47. The results 
are plotted as follows 
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For h = 100 W/m 2 -K, Bi = hr Q /k = 0.1, and as 
expected, the temperature distribution is nearly 

uniform throughout the rod. For h = 1000 

2 

W/m -K (Bi = 1), temperature variations 
within the rod are not negligible. In this case 
the centerline-to-surface temperature 

difference is comparable to the surface-to- fluid 

2 

temperature difference. For h = 5000 W/m -K 
(Bi = 5), temperature variations within the rod 
are large and [T (0,t) - T (r Q ,t)] is substantially 
larger than [T (r 0 ,t) - Too]. 
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COMMENTS: With increasing Bi, conduction within the rod, and not convection from the surface, 
becomes the limiting process for heat loss. 
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PROBLEM 5.57 



KNOWN: A ball bearing is suddenly immersed in a molten salt bath; heat treatment to harden occurs 
at locations with T > 1000 K. 



FIND: Time required to harden outer layer of 1mm. 
SCHEMATIC: 



/> = 7800k$Jm* 
c=500J/k 9 'K 
k*50W/m-K 

D= 2.0 mm 




T(r t O)=300K 

T(9ww ) t)=1000K 



T W =1300K 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) Fo > 0.2. 

ANALYSIS: Since any location within the ball whose temperature exceeds 1000 K will be hardened, 
the problem is to find the time when the location r = 9 mm reaches 1000 K. Then a 1 mm outer layer 
will be hardened. Begin by finding the Biot number. 

h r n 5000 W/m 2 • K (0.020 mil) 

Bi = — 5- = i ^ = 1.00. 

k 50W/m-K 



Using the one-term approximate solution for a sphere, find 
1 



Fo = 



-In 



^/C^sinfCir*) 



From Table 5.1 with Bi = 1.00, for the sphere find £i = 1.5708 rad and Ci = 1.2732. With r* 
= r/r Q = (9 mm/10 mm) = 0.9, substitute numerical values. 



Fo 



-1 



(1.5708)' 



-In 



(1000 -1 300) K 

\ J— /1.2732- 

(300-1300)K 



1 



1.5708x0.9 



sin (1.5708x0.9 rad) 



0.441. 



From the definition of the Fourier number with a = k/pc, 



t = Fo^ = Fo -r 2 ^ = 0.441: 



a 



0.020 m 



7800 k ^ x 500 •: W/m • K = 3.4 s. 

m 



kg-K 



COMMENTS: (1) Note the very short time required to harden the ball. At this time it can be easily 
shown the center temperature is T(0,3.4s) = 871 K. 
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PROBLEM 5.58 



KNOWN: Steel ball bearings at an initial, uniform temperature are to be cooled by convection while 
passing through a refrigerated chamber; bearings are to be cooled to a temperature such that 70% of 
the thermal energy is removed. 

FIND: Residence time of the balls in the 5 m-long chamber and recommended drive velocity for the 
conveyor. 

SCHEMATIC: 



° I 

O 



Chilled air 



T m -- -J5-C 
h=1000W/ m *K 




r Ti=T(r.O)~WC 




4^ 

ASSUMPTIONS: (1) Negligible conduction between ball and conveyor surface, (2) Negligible 
radiation exchange with surroundings, (3) Constant properties, (4) Uniform convection coefficient 
over ball's surface. 

ANALYSIS: The Biot number for the lumped capacitance analysis is 

. _hL c h(r G /3) 1000 W/m 2 K (0.1m/3) 

Bi = = = = 0.67. 

k k 50W/m-K 

Since Bi > 0.1, lumped capacitance analysis is not appropriate. We assume that the one-term 
approximation to the exact solution is valid and check later. The Biot number for the exact solution is 

„. hr n 1000 W/m 2 - KxO.lm 

Bi =—Q- = = 2.0, 

k 50 W/m- K 

From Table 5.1, ^ = 2.0288, d = 1.4793. From Equation 5.52c, with Q/Q 0 = 0.70, we can solve for 

el-. 



01 = 



l- 



Q_ 
Qo 



3[sin(Ci)-Clcos(Ci)] 



= (1-0.7) 



2.0288~ 



3[sin(2.0288)-2.0288cos(2.0288)] 



= 0.465 



From Eq. 5.50c, we can solve for Fo: 
Fo = -J_lnte/Ci 



i 



2.0288' 



In (0.465/ 1.4793) = 0.281 



Note that the one-term approximation is indeed valid, since Fo > 0.2. Then 



t = Fo^- = 0.281- 



(0.1 m)' 



« 2x10 5 m 2 /s 



= 140 s 



The velocity of the conveyor is expressed in terms of the length L and residence time t. Hence 

0.036 m/s = 36 mm/s. 



v = L = J_m 
t 140 s 



COMMENTS: Referring to Equation 5.10, note that for a sphere, the characteristic length is 

Lc=V/A s =^r 0 3 /4^r 2 =^. 
However, when using the exact solution or one-term approximation, note that Bi = h r Q /k. 
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PROBLEM 5.59 

KNOWN: Diameter and initial temperature of ball bearings to be quenched in an oil bath. 

FIND: (a) Time required for surface to cool to 100°C and the corresponding center temperature, (b) 
Oil bath cooling requirements. 

SCHEMATIC: 



Oil 

h*1000\Nlm*-K 




StSt(AISl304)b<ill 
D=20mm t 7i=350°C 



10+Q/h 



ASSUMPTIONS: (1) One-dimensional radial conduction in ball bearings, (2) Constant properties. 

PROPERTIES: Table A-l, St. St., AISI 304, (T * 500°C): k = 22.2 W/m-K, c p = 579 J/kg-K, p = 
7900 kg/m 3 , a = 4.85xl0" 6 m 2 /s. 

ANALYSIS: (a) To determine whether use of the lumped capacitance method is suitable, first 
compute 

h(r 0 /3) 1000 W/m 2 -K(0.010m/3) 

Bi = -^ — L = ^ ^ = 0.15. 

k 22.2 W/m-K 

We conclude that, although the lumped capacitance method could be used as a first approximation, the 
exact solution should be used in the interest of improving accuracy. We assume that the one-term 
approximation is valid and check later. Hence, with 

hr n 1000 W/m 2 -K (0.01 m) 

Bi = — 5- = i ^ = 0.450 

k 22.2 W/m-K 

from Table 5.1, Q = 1.1092, Q = 1.1301. Then 

= l,Fo) = T(r °-"- T » = 100 ° C - 4 °° C = 0.0741 



T- -T 



850°C-40°C 



and Equation 5.50b can be solved for a Q : 

6>* = 0*Cir * I sin(^r*) = 0.074 1 x 1 . 1 092 x 1 / sin(l . 1 092) = 0.09 1 8 

Then Equation 5.50c can be solved for Fo: 

Fo = -\\n(el fCi) = ^ln(0.0918/1.130l) = 2.04 

C{ X 1 1.1092 2 

t _r 0 2 Fo_ (0.01m) 2 (2.04) _^ 



a 



4.85xl0" 6 m 2 /s 



Note that the one-term approximation is accurate, since Fo > 0.2. 



Continued 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.59 (Cont.) 



Also, 




T o -T o0 =0.0918(T i 



\ - ^ ) = 0.091 8 (850 - 40) = 74° C 



X 



114°C 



< 



(b) Equation 5.52 can be used to calculate the heat loss from a single ball: 




f [sinC^-^coS' 

4 



3x0.0918 



1.1092 




Hence, from Equation 5.44, 



Q = 0.919pc p V(T i -T oo ) 

Q = 0.9 19 x 7900 kg/m 3 x 579 J/kg • K x ^(0.02 m) 3 x 810°C 
Q = 1.43xl0 4 J 



is the amount of energy transferred from a single ball during the cooling process. Hence, the oil bath 



cooling rate must be 




COMMENTS: If the lumped capacitance method is used, the cooling time, obtained from Equation 
5.5, would be t = 39.7 s, where the ball is assumed to be uniformly cooled to 100°C. This result, and 
the fact that T 0 - T(r 0 ) = 15°C at the conclusion, suggests that use of the lumped capacitance method 
would have been reasonable. 
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PROBLEM 5.60 



KNOWN: Sphere quenching in a constant temperature bath. 

FIND: (a) Plot T(0,t) and T(r 0 ,t) as function of time, (b) Time required for surface to reach 415 K, t' , (c) 
Heat flux when T(r Q , t' ) = 415 K, (d) Energy lost by sphere in cooling to T(r Q , t' ) = 415 K, (e) Steady- 
state temperature reached after sphere is insulated at t = t' , (f) Effect of h on center and surface 
temperature histories. 

SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) Uniform initial 
temperature. 



ANALYSIS: (a) Calculate Biot number to determine if sphere behaves as spatially isothermal object, 

E ._hL c _ h(r o /3) _ 75w/m 2 -K(0.015 m/3) _ Q „ 
1 k k 1.7W/m-K 

Hence, temperature gradients exist in the sphere and T(r,t) vs. t appears as shown above. 

(b) The exact solution may be used to find t' when T(r 0 , t') = 415 K. We assume that the one-term 
approximation is valid and check later. Hence, with 

hr n 75 W/m 2 -K (0.015 m) 

Bi = — 2- = i ^ = 0.662 

k 1.7 W/m-K 

from Table 5.1, £i = 1.3188, d = 1.1877. Then 

g V = 1 , Fo)= Tfe.t)-T„ = 415°C-320°C 
Tj-Too 800°C-320°C 

and Equation 5.50b can be solved for U 0 : 

0* = 0*C\t * I sinC^r*) = 0. 1 979 x 1 .3 1 88 x 1 / sin(l .3188) = 0.2695 

Then Equation 5.50c can be solved for Fo: 

Fo = -4rlnte/Ci) = ^ In (0.2695/1. 1877) = 0.853 

Cf v ; 1.3188 2 

f r r o ^ pc V 2 noco 400kg/m 3 x 1600 J/kg-K n1 _ ,2 ^ ^ 

t' = Fo-5- = Fo ^-r„ =0.853 ^ '— x (0.015m) =72 s < 

a k ° 1.7W/m-K v ; 

Note that the one-term approximation is accurate, since Fo > 0.2. 



Continued... 
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PROBLEM 5.60 (Cont.) 



(c) The heat flux at the outer surface at time t' is given by Newton's law of cooling 

q" = h[T(r o ,t')-T oo ] = 75w/m 2 -K[415-320]K = 7125W/m 2 . < 

The manner in which q" is calculated indicates that energy is leaving the sphere. 

(d) The energy lost by the sphere during the cooling process from t = 0 to t' can be determined from 

Equation 5.52: 

* 

— = 1- ^% [sinC^) - ft cos(£i)l = 1 - 3 X °' 269 . 5 [sin(l .3 1 88) - 1 .3 1 88 cos(l .3 1 88)1 = 0.775 
Qo Ci ' 1.3188 3 

The energy loss by the sphere with V = (rcD 3 )/6 is therefore, from Equation 5.44, 
Q = 0.775Q o = 0.775p^D 3 /6)c p (Tj - ) 

Q = 0.775 x 400 kg/m 3 \n [0.030 m] 3 /6 J 1 600 J/kg • K ( 800 - 320) K = 3364 J < 

(e) If at time t' the surface of the sphere is perfectly insulated, eventually the temperature of the sphere 
will be uniform at T(oo). Applying conservation of energy to the sphere over a time interval, E in - E out = 
AE = Ef^ - Euutiai. Hence, -Q = pcV[T(oo) - TJ - Q Q , where Q D = pcVfT; - TJ. Dividing by Q 0 and 
regrouping, we obtain 

T (oo) = ^ + (1 - Q/Qo ) ( T i " T oo ) = 320 K + (l - 0.775) (800 - 320) K = 428 K < 

(f) Using the IHT Transient Conduction Model for a Sphere, the following graphical results were 
generated. 




h = 75 W/m"2.K, r = ro 
h= 75 W/m"2.K, r = 0 
h = 200 W/m A 2.K, r = ro 
h = 200 W/m"2.K, r = 0 



Time, t(s) 



h = 75 W/m A 2.K 
h = 200 W/m"2.K 



The quenching process is clearly accelerated by increasing h from 75 to 200 W/m 2 -K and is virtually 
completed by t « 100s for the larger value of h. Note that, for both values of h, the temperature difference 
[T(0,t) - T(r Q ,t)] decreases with increasing t. Although the surface heat flux for h = 200 W/m 2 -K is 
initially larger than that for h = 75 W/m 2 -K, the more rapid decline in T(r 0 ,t) causes it to become smaller 
at t « 30s. 

COMMENTS: Using the Transient Conduction/Sphere model in IHT based upon multiple-term series 
solution, the following results were obtained: t' = 72.1 s; Q/Q Q = 0.7745, and T(oo) = 428 K. 
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PROBLEM 5.61 



KNOWN: Two spheres, A and B, initially at uniform temperatures of 800 K and simultaneously 
quenched in large, constant temperature baths each maintained at 320 K; properties of the spheres and 
convection coefficients. 

FIND: (a) Show in a qualitative manner, on T-t coordinates, temperatures at the center and the outer 
surface for each sphere; explain features of the curves; (b) Time required for the outer surface of each 
sphere to reach 415 K, (c) Energy gained by each bath during process of cooling spheres to a surface 
temperature of 415 K. 



SCHEMATIC: 



T(r 0i t)=415K 



Ti=800K- 






Sphere A 


Sphere B 


r D (mm) 


150 


15 


P (kg/m 3 ) 


1600 


400 


c (J/kg-K) 


400 


1600 


k (W/m-K) 


170 


1.7 


h (W/m 2 -K) 


5 


50 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Uniform properties, (3) Constant 
convection coefficient. 

ANALYSIS: (a) From knowledge of the Biot number and the thermal time constant, it is possible to 
qualitatively represent the temperature distributions. From Equation 5.10, with L c = ro/3, find 

5 W/m 2 -K (0.150 m/3) 



Bi, 



Bi 



h(r Q /3) 



170 W/m-K 



1.47x10 



-3 



50 W/m -K (0.015 m/3) 

Bi B = ^ '- = 0.147 

1.7 W/m-K 

The thermal time constant for a lumped capacitance system from Equation 5.7 is 

3 



T 



r = 



1 



hA c 



pr 0 c 



1 600 kg/m x ( 0. 1 50 m) 400 J/kg • K 
( pVc) t a = - i - 1 = 6400 s 

3x5 W/m 2 -K 

400 kg/m 3 x (0.015 m)l600 J/kg • K 
r B = * ^ = 64 s 



Sphere B 

Sphere A ■ 



spacewise 
sothermai 



3h 3x50 W/m" -K 

When Bi « 0.1, the sphere will cool in a 
spacewise isothermal manner (Sphere A). 
For sphere B, Bi > 0. 1, hence gradients will 
be important. Note that the thermal time 
constant of A is much larger than for B; 
hence, A will cool much slower. See sketch 
for these features. 

(b) Recognizing that Bi A < 0.1, Sphere A can be 

treated as spacewise isothermal and analyzed using the lumped capacitance method. From Equation 
5.6 and 5.7, with T = 415 K 




6_ 
0\ 



T-T a 

T; -Xv 



exp(-t/r) 



Continued 
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PROBLEM 5.61 (Cont.) 



T-T 

In- 00 



T-T 



oo 



= -6400 s 



In 



415-320 
800-320 



= 10,367 s = 2.88 h. 



Note that since the sphere is nearly isothermal, the surface and inner temperatures are approximately 
the same. 

Since Bi B > 0. 1 , Sphere B must be treated by the exact method of solution. We assume that the one- 
term approximation is valid and check later. Hence, with 

_ hr 0 _ 50 W/m 2 • K (0.015 m) _ 



Big 

k 1.7W/m-K 
from Table 5.1, d = 1.0992, d = 1.1278. Then 



0.441 



g y = 1 , Po) = T(%.0-T„ = 4iyC-320°C 
Tj-Too 800°C-320°C 

and Equation 5.50b can be solved for 0 O : 

6>* = 0 Yir * / sin(^r*) = 0. 1 979 x 1 .0992 x 1 / sin(l .0992) = 0.2442 
Then Equation 5.50c can be solved for Fo: 

Fo = -^ r lnte/C 1 ) = ^In (0.2442/1. 1278) = 1.266 

C{ V ' 1.0992 2 

^ r o P C V 2 400 kg/m 3 x 1600 J/kg-K , nnie ,2 1/v , ^ 

t B =Fo-^- = Fo =1.266 - — x(0.015m) =107 s < 

a k 1.7W/mK 

Note that the one-term approximation is accurate, since Fo > 0.2. 

(c) To determine the energy change by the spheres during the cooling process, apply the conservation 
of energy requirement on a time interval basis. 

Sphere A: 

E in - E out = AE - Q A = AE = E (t) - E(0) . 

Q A = p c V [T ( t ) - Tj ] = 1 600 kg/m 3 x 400 J/kg • K x ( 4/3) n (0. 1 50 m) 3 [4 1 5 - 800] K 

Q A =3.483xl0 6 J. < 
Note that this simple expression is a consequence of the spacewise isothermal behavior. 



Sphere B: 



v in 



E out - AE 



Q B =E(t)-E(0). 



For the nonisothermal sphere, Equation 5.52 can be used to evaluate Q B . 

* 

Qb = 1 - [sin^i ) - £i cos(^ )] = 1 - 3x °" 24 ^ 2 [sin(l .0992) - 1 .0992cos(l .0992)] = 0.784 



Qo 



1.0992" 



The energy transfer from the sphere during the cooling process, using Equation 5.44, is 
Q B = 0.784 Q 0 = 0.784 [p cV (Tj - T^ )] 



Q B =0.784x400 kg/m 3 x 1 600 J/kg • K ( 4/3) n (0.0 1 5 mf ( 800 - 320) K = 3405 J 

r(s) t(s) 
6400 10,370 



COMMENTS: In summary: Sphere 

A 
B 



Bi = hr 0 /k 

4.41 xlO" 3 
0.44 



64 



107 



Q(J) 
3.48xl0 6 
3405 
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PROBLEM 5.62 

KNOWN: Spheres of 40-mm diameter heated to a uniform temperature of 400°C are suddenly 
removed from an oven and placed in a forced-air bath operating at 25°C with a convection coefficient 
of 300 W/m 2 K. 

FIND: (a) Time the spheres must remain in the bath for 80% of the thermal energy to be removed, 
and (b) Uniform temperature the spheres will reach when removed from the bath at this condition and 
placed in a carton that prevents further heat loss. 



SCHEMATIC: 



'Air bath 

— V_ ' 

Too=25°C 

h = 300 W/m 2 -K 




Sphere, D = 40 mm 
T(r,0) = Tj = 400°C 
(p, c, k) 



Energy out, Q(t) 



ASSUMPTIONS: (1) One-dimensional radial conduction in the spheres, (2) Constant properties, and 
(3) No heat loss from sphere after removed from the bath and placed into the packing carton. 

PROPERTIES: Sphere (given): p = 3000 kg/m 3 , c = 850 J/kg-K, k = 15 W/m-K. 

ANALYSIS: (a) From Eq. 5.52, the fraction of thermal energy removed during the time interval At = 
t 0 is 

-^- = l-3^/^ 3 [sin(^)-ClCOs(^)] (1) 

VO 

where Q/Q 0 = 0.8. The Biot number is 

Bi = hr o /k = 300 W/m 2 -Kx0.020m/15 W/m-K = 0.40 
and for the one-term series approximation, from Table 5.1, 

Ci =1.0528 rad Q =1.1164 (2) 

The dimensionless temperature 6 Q , Eq. 5.31, follows from Eq. 5.50. 

0* =C ie xp(-Ci 2 Fo) (3) 

2 

where Fo = a t 0 /r 0 . Substituting Eq. (3) into Eq. (1), solve for Fo and t 0 . 

-5- = 1 - 3 Ci exp (-^ 2 Fo) / ^ [sin (&)-& cos )] (4) 

Fo = 1.45 t D =98.6s < 

(b) Performing an overall energy balance on the sphere during the interval of time t 0 < t < oo, 

E in- E out =AE = E f -Ej =0 (5) 
where Ej represents the thermal energy in the sphere at t Q , 

E i= (l-0.8)Q o = (1-0.8) /7cV(Ti -Too) (6) 

and Ef represents the thermal energy in the sphere at t = oo, 

E f =pcV(T avg -T 00 ) (7) 
Combining the relations, find the average temperature 



(T avg -T oo )-(l-0.8)(T i -T oo ) 



= 0 



T avg =100°C 
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PROBLEM 5.63 



KNOWN: Diameter, density, specific heat and thermal conductivity of Pyrex spheres in packed bed 
thermal energy storage system. Convection coefficient and inlet gas temperature. 

FIND: Time required for sphere to acquire 90% of maximum possible thermal energy and the 
corresponding center temperature. 

SCHEMATIC: 



<cs> 

T g>i = 300°C 
h = 75W/m 2 -K 




Pyrex sphere 
D = 75 mm, Tj = 25°C 
p = 2225 kg/m3 
c = 835 J/kg-K 
k = 1 .4 W/m-K 



ASSUMPTIONS: (1) One-dimensional radial conduction in sphere, (2) Negligible heat transfer to or 
from a sphere by radiation or conduction due to contact with adjoining spheres, (3) Constant 
properties. 

ANALYSIS: With Bi = h(r 0 /3)/k = 75 W/m 2 -K (0.0125m)/1.4 W/m-K = 0.67, the approximate 
solution for one-dimensional transient conduction in a sphere is used to obtain the desired results. We 



first use Eq. (5.52) to obtain 9 0 . 



0 



el 



3[sin(^)-^cos(^)] 
1, Ci -2.03 
0.1(2.03)- 



1- 



_Q_ 
Qo 



With Bi = hr 0 /k = 2.01, Ci ~ 2.03 and Ci * 1.48 from Table 5.1. Hence, 

\3 



0.837 



0.155 



3[0.896-2.03(-0.443)] 5.386 
The center temperature is therefore 

T o = T g,i +0.155(Ti -T g i ) = 300°C -42.7°C = 257.3°C 
From Eq. (5.50c), the corresponding time is 

2 r 



t = 



off 



-In 



Si , 

v 1 J 



where a = k/ pc = 1.4W/m-K/|2225kg/m 3 x835J/kg-Kj = 7.54x10 7 m 2 /s. 

(0.0375m) 2 ln(0.155/1.48) 

t = ~- 9 = L020s 

7.54x10 / m z /s(2.03) 

COMMENTS: The surface temperature at the time of interest may be obtained from Eq. (5.50b). 
With r* = 1, 



Ts=T g;1+ (T 1 -T g;1 )^ Sin ^) = 300°C-275°C r °- 155x0 - 896A 



2.03 



280.9°C 
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PROBLEM 5.64 

KNOWN: Initial temperature and properties of a solid sphere. Surface temperature after immersion in a 
fluid of prescribed temperature and convection coefficient. 

FIND: (a) Time to reach surface temperature, (b) Effect of thermal diffusivity and conductivity on 
thermal response. 

SCHEMATIC: 

D = 0.1m_ x-T(r 0 ,f) = 60 °C 

_^ ( \ 1-5 < k< 150 W/m-K 
7^ = 75 °C 3 \2y 10- 6 < a < 10" 4 m 2 /s 
h = 300 W/m 2 -K 7, = 25 °C 

ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Constant properties. 

ANALYSIS: (a) For k = 15 W/m-K, the Biot number is 

E . _ h(r Q /3) _ 300 w/m 2 -K (0.05 m/3) _ Q ^ 
1 k 15W/m-K 

Hence, the lumped capacitance method cannot be used. From Equation 5.50a, 

, „ x sin ( ^ir 

OO 



T-T / 9 \ sin Kl r 

f-^ = C,e*p -^Fo -L 



At the surface, r = 1. From Table 5.1, for Bi = 1.0, Q = 1.5708 rad and d = 1.2732. Hence, 

= 0.30 = 1 .2732 exp (-1 .5708 2 Fo) ^ 
25-75 V 1 1.5708 

exp(-2.467Fo) = 0.370 
Fo = ^ = 0.403 

r 2 (0.05 m) 2 . 

t = 0.403-^- = 0.403 v ' =100s < 

« 10" 5 m 2 /s 

(b) Using the IHT Transient Conduction Model for a Sphere to perform the parametric calculations, the 
effect of a is plotted for k = 15 W/m-K. 



Continued... 
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PROBLEM 5.64 (Cont.) 




75 



k= 15 W/m.K, alpha = 1 E-4 m"2/s 
k = 15 W/m.K, alpha = 1 E-5 m"2/s 
k = 15 W/m.K, alpha = 1 E-6m A 2/s 



50 100 150 200 

Time, t{s) 

k = 1 5 W/m.K, alpha = 1 E-4 m A 2/s 
k = 1 5 W/m.K, alpha = 1 E-5 m A 2/s 
k = 15 W/m.K, alpha = 1 E-6 m A 2/s 



For fixed k and increasing a, there is a reduction in the thermal capacity (pc p ) of the material, and hence 
the amount of thermal energy which must be added to increase the temperature. With increasing a, the 
material therefore responds more quickly to a change in the thermal environment, with the response at the 
center lagging that of the surface. 

The effect of k is plotted for a = 10" 5 m 2 /s. 




300 



k = 1 .5 W/m.K, alpha = 1 E-5 m A 2/s 
k = 15 W/m.K, alpha = 1 E-5 m A 2/s 
k = 150W/m.K, alpha = 1E-5 m A 2/s 




100 150 200 
Time, t(s) 

k = 1 .5 W/m.K, alpha = 1 E-5 m A 2/s 
k = 1 5 W/m.K, alpha = 1 E-5 m A 2/s 
k =150 W/m.K, alpha = 1E-5m A 2/s 



300 



With increasing k for fixed alpha, there is a corresponding increase in pc p , and the material therefore 
responds more slowly to a thermal change in its surroundings. The thermal response of the center lags 
that of the surface, with temperature differences, T(r Q ,t) - T(0,t), during early stages of solidification 
increasing with decreasing k. 

COMMENTS: Use of this technique to determine h from measurement of T(r Q ) at a prescribed t requires 
an interative solution of the governing equations. 
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PROBLEM 5.65 



KNOWN: Temperature requirements for cooling the spherical material of Ex. 5.4 in air and in a 
water bath. 

FIND: (a) For step 1, the time required for the center temperature to reach T(0,t) = 335°C while 

2 

cooling in air at 20°C with h = 10 W/m -K; find the Biot number; do you expect radial gradients to be 

appreciable?; compare results with hand calculations in Ex. 5.4; (b) For step 2, time required for the 

2 

center temperature to reach T(0,t) = 50°C while cooling in water bath at 20°C with h = 6000 W/m -K; 
and (c) For step 2, calculate and plot the temperature history, T(x,t) vs. t, for the center and surface of 
the sphere; explain features; when do you expect the temperature gradients in the sphere to the largest? 
Use the IHT Models I Transient Conduction I Sphere model as your solution tool. 

SCHEMATIC: 



Step 1 



Too = 20°C 
h = 10 W/m 2 -K 




Tj = 400°C 
T a (0, t a ) = 335°C 



Too = 20°C 
h = 6000 W/m 2 -K 




Step 2 



335°C 



50°C 



Spheres, r 0 = 5 mm 
p = 3000 kg/m 3 
c = 1 kJ/kg-K 
k =20W/m-K 
a = 6.6x1 0" 6 m 2 /s 



ASSUMPTIONS: (1) One-dimensional conduction in the radial direction, (2) Constant properties. 

ANALYSIS: The IHT model represents the series solution for the sphere providing the temperatures 
evaluated at (r,t). A selected portion of the IHT code used to obtain results is shown in the Comments. 

(a) Using the IHT model with step 1 conditions, the time required for T(0,t a ) = T_xt = 335°C with r = 
0 and the Biot number are: 



t a = 94.2 s Bi = 0.0025 < 

Radial temperature gradients will not be appreciable since Bi = 0.0025 « 0.1. The sphere behaves as 
space-wise isothermal object for the air-cooling process. The result is identical to the lumped- 
capacitance analysis result of the Text example. 



(b) Using the IHT model with step 2 conditions, the time required for T(0,t w ) = T_xt = 50°C with r = 0 
and Tj = 335°C is 



t w =3.0s < 

Radial temperature gradients will be appreciable, since Bi = 1.5 » 0. 1. The sphere does not behave 
as a space-wise isothermal object for the water-cooling process. 

(c) For the step 2 cooling process, the temperature histories for the center and surface of the sphere are 
calculated using the IHT model. 

Continued 
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PROBLEM 5.65 (Cont.) 



400 



300 



Temperature-time history, Step 2 



h- 



CD 
Q. 

E 

CD 
h- 



200 



100 




Surface, r = ro 
Center, r = 0 



At early times, the difference between the center and surface temperature is appreciable. It is in this 
time region that thermal stresses will be a maximum, and if large enough, can cause fracture. Within 6 
seconds, the sphere has a uniform temperature equal to that of the water bath. 

COMMENTS: Selected portions of the IHT sphere model codes for steps 1 and 2 are shown below. 

/* Results, for part (a), step 1 , air cooling; clearly negligible gradient 
Bi Fo t T_xt Ti r ro 

0.0025 25.13 94.22 335 400 0 0.005 7 

// Models | Transient Conduction | Sphere - Step 1, Air cooling 

// The temperature distribution T(r,t) is 

T_xt = T_xt_trans("Sphere",rstar,Fo,Bi,Ti,Tinf) // Eq 5.47 

T_xt = 335 // Surface temperature 



/* Results, for part (b), step 2, water cooling; Ti = 335 C 

Bi Fo t T_xt Ti r ro 

1.5 0.7936 2.976 50 335 0 0.005 7 

// Models | Transient Conduction | Sphere - Step 2, Water cooling 

// The temperature distribution T(r,t) is 

T_xt = T_xt_trans("Sphere",rstar,Fo,Bi,Ti,Tinf) // Eq 5.47 

//T_xt = 335 // Surface temperature from Step 1 ; initial temperature for Step 2 

T_xt = 50 // Center temperature, end of Step 2 
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PROBLEM 5.66 

KNOWN: Two large blocks of different materials - like copper and concrete - at room 
temperature, 23 °C. 

FIND: Which block will feel cooler to the touch? 
SCHEMATIC: 



Finger, 37'C 




Block, 23T 




Materiel, 



ASSUMPTIONS: (1) Blocks can be treated as semi-infinite solid, (2) Hand or finger 
temperature is 37 °C. 

PROPERTIES: Table A-l, Copper (300K): p = 8933 kg/m 3 , c = 385 J/kg-K, k = 401 

W/m-K; Table A-3, Concrete, stone mix (300K): p = 2300 kg/m 3 , c = 880 J/kg-K, k = 1.4 
W/m-K. 

ANALYSIS: Considering the block as a semi-infinite solid, the heat transfer situation 
corresponds to a sudden change in surface temperature, Case 1, Figure 5.7. The sensation of 
coolness is related to the heat flow from the hand or finger to the block. From Eq. 5.58, the 
surface heat flux is 



q^(t) = k(T s -T i )/(^t) 



1/2 



(1) 



or 



q£(t)~(kpc) 



1/2 



since a = kip c. 



(2) 



Hence for the same temperature difference, T s -Tj, and elapsed time, it follows that the heat 
fluxes for the two materials are related as 



(kpc) 



Qs.copper 



^concrete (kp c) 



1/2 

copper 



W ks. J 

401 x8933-^x385 



m • K 



m 



3 kg-K 



1/2 



1/2 

concrete 



W ks J 

1.4—^x2300^x880- 



m-K 



m 



3 kg-K 



1/2 



= 22.1 



Hence, the heat flux to the copper block is more than 20 times larger than to the concrete 
block. The copper block will therefore feel noticeably cooler than the concrete one. 
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PROBLEM 5.67 



KNOWN: Thickness and properties of plane wall. Convection coefficient. 

FIND: (a) Nondimensional temperature for six different cases using four methods and (b) 
Explain the conditions for which the three approximate methods are good approximations of the 
exact solution. 



SCHEMATIC: 

h = 10 or 100 W/m 2 -K 



2L = 0.6 m 

4 ► 



Steel, T: 



ASSUMPTIONS: (1) Constant properties. 

PROPERTIES: Steel (given): k = 30 W/m-K, p = 7900 kg/m 3 , c = 640 J/kg-K. 
ANALYSIS: 

(a) We perform the calculations for h = 10 W/m 2 -K, t = 2.5 min. 
Exact Solution 

From Equation 5.39a, evaluated at the surface x* = 1, 

For t = 2.5 min, 
at 



= X C n exp(-^Fo)cos(C n ) 



Fo = 



oo n= i 

k t 



L 2 pc L 2 



30 W/m-K 



ks J 
7900 -| x 640 —— 
m 3 kg-K 



0.0099 

(0.3 m) 2 



We also calculate Bi = hL/k = 10 W/m-K x 0.3 m/30 W/m-K = 0.10. The first four values of C, n 
are found in Table B.3, and the corresponding values of C n can be calculated from Equation 
5.39b, C n = 4 sin£, n /[2£ n + sin(2^ n )] . Then the first four terms in Equation 5.39a can be 
calculated as well. The results are tabulated below. 



n 


^n 


C n 


C n expH; 2 Fo)cos(i; n ) 


1 


0.3111 


1.016 


0.9664 


2 


3.1731 


-0.0197 


0.0178 


3 


6.2991 


0.0050 


0.0034 


4 


9.4354 


-0.0022 


0.0009 








9* = 0.989 



Continued. 
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PROBLEM 5.67 (Cont.) 



We can see that the fourth term is small, so to a good approximation the exact solution can be 
found by summing the first four terms, as shown in the table. Thus 



9s ; exact= 0-989 



First Term 

From the above table, 



eli. 



term 



= 0.966 



Lumped Capacitance 
From Equation 5.6, 

Qlump = eX P 



hA s 




ht " 


^-t 


= exp 




pVc 


pLc 



= exp 



10 W/m z • K x (2.5 x 60) s 
7900 kg/m 3 x 0.3 m x 640 J/kg • K 



= 0.999 



Semi-Infinite Solid 

We use Equation 5.60 with x measured from the surface, that is x = 0. 
fl * T - T m . T - T 

"s.semi 



T -T 



= 1 



= 1 - erfc(0) + exp 



1 h 2 at » 



erfc 



^hVat 



= 1 - 1 + exp(Bi 2 Fo) erfc(Bi Fo 1/2 ) 
= exp(0.10 2 x 0.0099) erfc(0.10 x (0.0099) 1,z ) 
= 1.0001 x 0.989 = 0.989 



sl/2s 



where the error function was evaluated from Table B.2. 

Repeating the calculation for the other five cases, the following table can be compiled: 



Method 


Bi = 0.1 


Bi= 1 


Fo = 0.01 


Fo = 0.1 


Fo = 1.0 


Fo = 0.01 


Fo = 0.1 


Fo = 1.0 


Exact 


0.99 


0.97 


0.88 


0.90 


0.72 


0.35 


First-term 


0.97 


0.96 


0.88 


0.72 


0.68 


0.35 


Lumped 


1.00 


0.99 


0.90 


0.99 


0.90 


0.37 


Semi-inf. 


0.99 


0.97 


0.90 


0.90 


0.72 


0.43 



(b) (i) The first term solution is a good approximation to the exact solution for Fo > 0.2. As 
seen in the above table, for Fo = 1.0, the first term solution is correct to two significant digits. 



Continued. 
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PROBLEM 5.67 (Cont.) 



(ii) The lumped capacitance solution is a good approximation to the exact solution for 
Bi < 0.1. In the above table, the lumped capacitance solution is quite accurate for Bi = 0.1, but 
not for Bi= 1.0. 

(iii) The semi-infinite solid solution is a good approximation to the exact solution for the 
smaller values of Fourier, since for small t or a , or for large L, the heat doesn't penetrate through 
the wall and it can be treated as semi-infinite. 
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PROBLEM 5.68 

KNOWN: Asphalt pavement, initially at 50°C, is suddenly exposed to a rainstorm reducing 
the surface temperature to 20°C. 

2 

FIND: Total amount of energy removed (J/m ) from the pavement for a 30 minute period. 
SCHEMATIC: 




Asphalt 



ASSUMPTIONS: (1) Asphalt pavement can be treated as a semi-infinite solid, (2) Effect of 
rainstorm is to suddenly reduce the surface temperature to 20°C and is maintained at that level 
for the period of interest. 

PROPERTIES: Table A-3, Asphalt (300K): p = 21 15 kg/m 3 , c = 920 J/kg-K, k = 0.062 
W/m-K. 

ANALYSIS: This solution corresponds to Case 1, Figure 5.7, and the surface heat flux is 
given by Eq. 5.58 as 

q^(t) = k(T s -Ti)/(^t) 1/2 (1) 

The energy into the pavement over a period of time is the integral of the surface heat flux 
expressed as 

Q" = .T qs(t)dt. (2) 

Note that ql (t) is into the solid and, hence, Q represents energy into the solid. Substituting 
Eq. (1) for ql (t) into Eq. (2) and integrating find 

Q" = k(T s -T0/(^) 1/2 J* f 1/2 dt = 2 t 1/2 . 



0 



(nee) 



(3) 



Substituting numerical values into Eq. (3) with 

k 0.062 W/m-K 8 2/ 

a = = = 3.18x10 m /s 

P c 2115 kg/m 3 x 920 J/kg-K 
find that for the 30 minute period, 

0.062 W/m-K (20-50)K 



Q" 



2(30x60s) 1/2 =-4.99xl0 :) J/m z 



;rx3.18xl0" 8 m 2 /s 



1/2 



COMMENTS: Note that the sign for Q" is negative implying that energy is removed from 
the solid. 
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PROBLEM 5.69 



KNOWN: Thermophysical properties and initial temperature of thick steel plate. Temperature of 
water jets used for convection cooling at one surface. 

FIND: Time required to cool prescribed interior location to a prescribed temperature. 
SCHEMATIC: 



T s = T a 



Steel, Tj = 300°C 
p = 7800 kg/m3 
c = 480 J/kg-K 
k = 50 W/m-K 




Water jets, T m = 25°C 
~\, x 

— 0.025 m 

T(0.025 m, t) = 50°C 



ASSUMPTIONS: (1) One-dimensional conduction in slab, (2) Validity of semi-infinite medium 

approximation, (3) Negligible thermal resistance between water jets and slab surface (T s = Too), (4) 
Constant properties. 

ANALYSIS: The desired cooling time may be obtained from Eq. (5.57). With T(0.025m, t) = 50°C, 

T(x,t)-T s (50-25)°C f 
y ' s - v ' - 0.0909 = erf 



Ti-T s 



(300-25)°C 



2Vat 



2 vat 



= 0.0807 



t = 



(0.025m)' 



(0.0807) 2 4« 0.0261 1.34x10 5 m 2 /s 



= 1793s 



where a = k/pc = 50 W/m-K/(7800 kg/m 3 x 480 J/kg-K) = 1.34 x 10" 5 m 2 /s. 

4 2 

COMMENTS: (1) Large values of the convection coefficient (h ~ 10 W/m -K) are associated with 

water jet impingement, and it is reasonable to assume that the surface is immediately quenched to the 

temperature of the water. (2) The surface heat flux may be determined from Eq. (5.58). In principle, 

1/2 

the flux is infinite at t = 0 and decays as t . 
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PROBLEM 5.70 



KNOWN: Temperature imposed at the surface of soil initially at 20°C. See Example 5.6. 

FIND: (a) Calculate and plot the temperature history at the burial depth of 0.68 m for selected soil 

7 2 

thermal diffusivity values, a x 10 =1.0, 1.38, and 3.0 m /s, (b) Plot the temperature distribution over 

the depth 0 < x < 1.0 m for times of 1, 5, 10, 30, and 60 days with a = 1.38 x 10" 7 m 2 /s, (c) Plot the 

surface heat flux, (0, t) , and the heat flux at the depth of the buried main, (0.68m, t) , as a 

-7 2 

function of time for a 60 day period with a = 1.38 x 10 m /s. Compare your results with those in the 
Comments section of the example. Use the IHT Models I Transient Conduction I Semi-infinite 
Medium model as the solution tool. 

SCHEMATIC: 



r 



x m = 0.68 m 



T s = 



15°C 



Soil, Ti = 20°C 
ax10 7 = 1.0,1.38, or3.0m 2 /s 
k = 0.52 W/m-K 



Water main 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Soil is a semi-infinite 
medium, and (3) Constant properties. 

ANALYSIS: The IHT model corresponds to the case 1, constant surface temperature sudden 
boundary condition, Eqs. 5.57 and 5.58. Selected portions of the IHT code used to obtain the 
graphical results below are shown in the Comments. 



(a) The temperature history T(x,t) for x = 0.68 m with selected soil thermal diffusivities is shown 
below. The results are directly comparable to the graph shown in the Ex. 5.6 comments. 



x = 0.68 m, T(0,t)=Ts= -15C, T(x,0) = 20C 




alpha = 1.00e-7 m A 2/s 
alpha = 1.38e-7 m A 2/s 
alpha = 3.00e-7 m A 2/s 



Continued 
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PROBLEM 5.70 (Cont.) 



(b) The temperature distribution T(x,t) for selected times is shown below. The results are directly 
comparable to the graph shown in the Ex. 5.6 comments. 



alpha = 1.38e-7m A 2/s, T(0,t) = -15C, T(x,0)=20C 




1 day 
5 days 
10 days 
30 days 
60 days 



(c) The heat flux from the soil, (0, t) , and the heat flux at the depth of the buried main, 
(0.68m, t) , are calculated and plotted for the time period 0 < t < 60 days. 



alpha = 1 .38e-7 m A 2/s , k = 0.52 W/m -K, T(0,t) = -1 5 C 



C\J 

< 
E 



A -100 



X 



CO 

a> 
X 




-150 



-200 



15 30 45 

Time, t (days) 

Surface heat flux, x= 0 
Buried-main depth, x = 0.68 m 



60 



Both the surface and buried-main heat fluxes have a negative sign since heat is flowing in the negative 
x-direction. The surface heat flux is initially very large and, in the limit, approaches that of the buried- 
main heat flux. The latter is initially zero, and since the effect of the sudden change in surface 
temperature is delayed for a time period, the heat flux begins to slowly increase. 

Continued 
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COMMENTS: (1) Can you explain why the surface and buried-main heat fluxes are nearly the same 
at t = 60 days? Are these results consistent with the temperature distributions? What happens to the 
heat flux values for times much greater than 60 days? Use your IHT model to confirm your 
explanation. 



(2) Selected portions of the IHT code for the semi-infinite medium model are shown below. 



// Models | Transient Conduction | Semi-infinite Solid | Constant temperature Ts 

/* Model : Semi-infinite solid, initially with a uniform temperature T(x,0) = Ti, suddenly subjected to 

prescribed surface boundary conditions. 7 

// The temperature distribution (Tx,t) is 

T_xt = T_xt_semi_CST(x,alpha,t,Ts,Ti) // Eq 5.57 

// The heat flux in the x direction is 

q"_xt = qdprime_xt_semi_CST(x,alpha,t,Ts,Ti,k) //Eq 5.58 
// Input parameters 

/* The independent variables for this system and their assigned numerical values are 7 
Ti = 20 // initial temperature, C 

k = 0.52 // thermal conductivity, W/m.K; base case condition 

alpha = 1 .38e-7 // thermal diffusivity, m A 2/s; base case 
//alpha = 1 .Oe-7 
//alpha = 3.0e-7 

// Calculating at x-location and time t, 

x = 0 // m, surface 

// x = 0.68 // m, burial depth 

t = t_day * 24 * 3600 // seconds to days time conversion 

//t_day = 60 

//t_day = 1 

//t_day = 5 

//t_day = 10 

//t_day = 30 

t_day = 20 

// Surface condition: constant surface temperature 
Ts = -1 5 // surface temperature, K 
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PROBLEM 5.71 



KNOWN: Tile-iron, 254 mm to a side, at 150°C is suddenly brought into contact with tile over a 
subflooring material initially at Tj = 25°C with prescribed thermophysical properties. Tile adhesive 
softens in 2 minutes at 50°C, but deteriorates above 120°C. 

FIND: (a) Time required to lift a tile after being heated by the tile-iron and whether adhesive temperature 
exceeds 120°C, (2) How much energy has been removed from the tile-iron during the time it has taken to 
lift the tile. 



SCHEMATIC: 



7_(t >0) = 150°C 



Tile 
Adhesive 
Subflooring 




7(x,0) = 25 °C 



ASSUMPTIONS: (1) Tile and subflooring have same thermophysical properties, (2) Thickness of 
adhesive is negligible compared to that of tile, (3) Tile-subflooring behaves as semi-infinite solid 
experiencing one-dimensional transient conduction. 

PROPERTIES: Tile-subflooring (given): k = 0.15 W/m-K, pc p = 1.5 x 10 6 J/m 3 -K, a = k/pc p = 1.00 x 
10" 7 m 2 /s. 

ANALYSIS: (a) The tile-subflooring can be approximated as a semi-infinite solid, initially at a uniform 
temperature T; = 25°C, experiencing a sudden change in surface temperature T s = T(0,t) = 150°C. This 
corresponds to Case 1, Figure 5.7. The time required to heat the adhesive (x 0 = 4 mm) to 50°C follows 
from Eq. 5.57 



T ( x D , t D ) T s 
V 1 ^ 



= erf 



2(at 0 ) 



1/2 



50-150 
25-150 



: erf 



0.004 m 



211.00x10 7 m 2 /sxt f 



1/2 



0.80 = erf 6.325t 



-1/2 



^ = 48.78 = 0.81 min 

using error function values from Table B.2. Since the softening time, At s , for the adhesive is 2 minutes, 
the time to lift the tile is 

t£ =t 0 +At s =(0.81 + 2.0)min = 2.81min. < 
To determine whether the adhesive temperature has exceeded 120°C, calculate its temperature at tg = 
2.81 min; that is, find T(x Q , if ) 



T(x o ,ti)-150 
25-150 



erf 



0.004 m 



211.0x10 7 m 2 /sx2.81x60s 



1/2 



Continued... 
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PROBLEM 5.71 (Cont.) 



T(x 0 ,t^)- 150 = -125 erf (0.4880) = -125x0.5098 

T(x 0 ,t^) = 86°C 

Since T(x 0 , tg ) < 120°C, the adhesive will not deteriorate, 
(b) The energy required to heat a tile to the lift-off condition is 

Q = j^q x (0,t)-A s dt. 

Using Eq. 5.58 for the surface heat flux q"(t) = q"(0,t), find 

n _ft/ k(T s -Tj) dt _ 2k(T s -T i ) 1/2 

^"JO / xl/2 As t l/2 - , a/2 Ast ^ 
\na) t \na) 

2x0.15W/m-K(l50-25)°C , x2 , a/2 

Q = — ^ ^— x(0.254m) z x(2.81x60s) 1/z =56kJ 



^xl.OOxlO" 7 m 2 /s) 



COMMENTS: (1) Increasing the tile-iron temperature would decrease the time required to soften the 
adhesive, but the risk of burning the adhesive increases. 

(2) From the energy calculation of part (b) we can estimate the size of an electrical heater, if operating 
continuously during the 2.81 min period, to maintain the tile-iron at a near constant temperature. The 
power required is 

P = Q/tg =56kJ/2.81x60s = 330W. 

Of course a much larger electrical heater would be required to initially heat the tile-iron up to the 
operating temperature in a reasonable period of time. 
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PROBLEM 5.72 



KNOWN: Heat flux gage of prescribed thickness and thermophysical properties (p, Cp, k) 
initially at a uniform temperature, Tj, is exposed to a sudden change in surface temperature 
T(0,t) = T s . 

FIND: Relationships for time constant of gage when (a) backside of gage is insulated and (b) 
gage is imbedded in semi-infinite solid having the same thermophysical properties. Compare 

with equation given by manufacturer, r = ^4d 2 /? c p j/^ 2 k. 



SCHEMATIC: 





Thin -film 
Thermo cou p/es 



Same material 
as gage 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties. 

ANALYSIS: The time constant r is defined as the time required for the gage to indicate, 
following a sudden step change, a signal which is 63.2% that of the steady-state value. The 
manufacturer' s relationship for the time constant 

r = (4d 2 /?c p j/A 

can be written in terms of the Fourier number as 

ar _ k r _ 4 

_____ _ 



Fo 



: 0.4053. 



PCp d^ n L 

The Fourier number can be determined for the two different installations 

(a) For the gage having its backside insulated, the 

surface and backside temperatures are T s and 
T(0,t), respectively. From the sketch it follows 
that 



g . = T(0,r)-T s=0 



T -T 



368. 




•^36.8% 
63.2% 



From Eq. 5.41, 

6l =0.368 = C 1 exp(-^ 2 Foj 

Using Table 5.1 with Bi = 100 (as the best approximation for Bi = hd/k — > oo, corresponding 
to sudden surface temperature change with h — > oo), ^\ = 1.5552 rad and C{ = 1.2731. 
Hence, 

0.368 = 1.2731exp(-1.5552 2 xFo a ) 



Fo a =0.513. 



Continued 
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PROBLEM 5.72 (Cont.) 



(b) For the gage imbedded in a semi-infinite 
medium having the same thermophysical 
properties, Table 5.7 (case 1) and Eq. 5.57 yield 




36.8% 



T(x,r)-T s 

Tj -T 
m{ar) 112 



652% 



0.368 = erf d/2(«r) 



1/2 



0.3972 




ax 



1 




< 



d z (2x0.3972) 



COMMENTS: Both models predict higher values of Fo than that suggested by the 

manufacturer. It is understandable why Fo^ > Fo a since for (b) the gage is thermally 
connected to an infinite medium, while for (a) it is isolated. From this analysis we conclude 
that the gage's transient response will depend upon the manner in which it is applied to the 
surface or object. 
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PROBLEM 5.73 

KNOWN: Procedure for measuring convection heat transfer coefficient, which involves 
melting of a surface coating. 

FIND: Melting point of coating for prescribed conditions. 
SCHEMATIC: 



Melting <§> 



*-) \^%,=300°C,h=200W/mZ-K 

Coating, T m 
~Xr}suhtor ) k~0 

Copper rod ) TJ~ZS'"C 




ASSUMPTIONS: (1) One-dimensional conduction in solid rod (negligible losses to 
insulation), (2) Rod approximated as semi-infinite medium, (3) Negligible surface radiation, 
(4) Constant properties, (5) Negligible thermal resistance of coating. 

PROPERTIES: Copper rod (Given): k = 400 W/m-K, a = 10" 4 m 2 /s. 

ANALYSIS: Problem corresponds to transient conduction in a semi-infinite solid. Thermal 
response is given by 



T(x,t)-Tj 
T -T 



= erfc 



2(cc t) 



1/2 



exp 



f 2 \ 

hx hat 

— + — „ 



v 



J 



erfc 



2(a t) 



1/2 



+ 



h(a t) 



1/2 ^ 



For x = 0, erfc(0) = 1 and T(x,t) = T(0,t) = T s . Hence 



T -T- 

— - - = l - exp 

T _ T 



h z « t 



erfc 



h(« t) 



1/2 



with 



1/2 



= 0.1 



h(a t m ) 1/2 200 W/m 2 -K|l0" 4 m 2 /sx 400 s j 

1c 400 W/m-K 

T s =T m =T i+ (T oo -T i )[l-exp(0.0l)erfc(0.l)] 

T s = 25°C + 275°C[l-1.01x0.888] = 53.5°C. 



COMMENTS: Use of the procedure to evaluate h from measurement of t m necessitates 
iterative calculations. 
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PROBLEM 5.74 



KNOWN: Irreversible thermal injury (cell damage) occurs in living tissue maintained at T > 48°C for a 
duration At > 10s. 

FIND: (a) Extent of damage for 10 seconds of contact with machinery in the temperature range 50 to 
100°C, (b) Temperature histories at selected locations in tissue (x = 0.5, 1, 5 mm) for a machinery 
temperature of 100°C. 



SCHEMATIC: 





Tissue, T, = 37 °C 



T s , suddenly raised by 
contact with machinery 
at 7\ 



T(x,t) 



T b = 48 °C 



" T, = 37°C 



ASSUMPTIONS: (1) Portion of worker's body modeled as semi-infinite medium, initially at a uniform 
temperature, 37°C, (2) Tissue properties are constant and equivalent to those of water at 37°C, (3) 
Negligible contact resistance. 

PROPERTIES: Table A-6, Water, liquid (T = 37°C = 310 K): p = l/v f = 993.1 kg/m 3 , c = 4178 J/kg-K, 
k = 0.628 W/m-K, a = k/pc = 1.513 x 10" 7 m 2 /s. 

ANALYSIS: (a) For a given surface temperature — suddenly applied — the analysis is directed toward 
finding the skin depth x b for which the tissue will be at T b > 48°C for more than 10s? From Eq. 5.57, 

T(x b ,t)-T s 



= erf 



Xb/2(at)^ 2 =erf[w]. 



Ti-T s 

For the two values of T s , the left-hand side of the equation is 
(48- 100)° C 



T s =100°C: 



0.825 



(48-50)° C 

(37- 100)° C (37-50)°C 
The burn depth is 

1/2 

x b =[w]2(at) 1/2 =[w]2(l.513xl0" 7 m 2 /sxtj = 7.779 xlO" 4 [w]t 



T, =50°C: 



0.154 



1/2 



Continued.. 
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PROBLEM 5.74 (Cont.) 

Using Table B.2 to evaluate the error function and letting t = 10s, find x b as 



T s = 100°C: x b = 7.779 x 10" 4 [0.96](10s) 1/2 = 2.362 x 10 3 m = 2.36 mm < 

T S = 50°C: x b = 7.779 x 10' 4 [0.137](10s) 1/2 = 3.37 x 10 3 m = 0.34 mm < 

Recognize that tissue at this depth, x b , has not been damaged, but will become so if T s is maintained for 
the next 10s. We conclude that, for T s = 50°C, only superficial damage will occur for a contact period of 
20s. 

(b) Temperature histories at the prescribed locations are as follows. 



E 




Time, t(s) 

— © — x = 0.5 mm 
— A — x = 1 .0 mm 
— H — x = 2.0 mm 

The critical temperature of 48°C is reached within approximately Is at x = 0.5 mm and within 7s at x = 2 
mm. 

COMMENTS: Note that the burn depth x b increases as t 1/2 . 
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PROBLEM 5.75 



KNOWN: Thermocouple location in thick slab. Initial temperature. Thermocouple 
measurement two minutes after one surface is brought to temperature of boiling water. 

FIND: Thermal conductivity of slab material. 

SCHEMATIC: 



T(Qf) =T s *10ffO* 



T(x,G)=lj = 30°C 
/>=2200kg/m s 
700 J I kg K 



~Th ermocoapie J 

T(0.01m t 120s)=65 o C 



I >|— x-10mm 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Slab is semi-infinite medium, 
(3) Constant properties. 

PROPERTIES: Slab material (given): p = 2200 kg/m 3 , c = 700 J/kg-K. 
ANALYSIS: For the semi-infinite medium from Eq. 5.57, 



T(x,t)-T s 
Ti-T s 

65-100 



= erf 



30-100 



erf 



2(ot) 
0.01m 



1/2 



erf 



0.01m 



2(axl20s) 



2(axl20s) 
= 0.5 



1/2 



1/2 



From Appendix B, find for erf w = 0.5 that w = 0.477; hence, 
0.01m 



1/2 



= 0.477 



2(axl20s) 
(axl20) 1/2 =0.0105 
« = 9.156xl0" 7 m 2 /s. 

It follows that since a = k/pc, 
k = ap c 

k = 9. 156 x 10" 7 m 2 / s x 2200 kg/m 3 x 700 J/kg • K 



k= 1.41 W/m-K. 
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PROBLEM 5.76 



KNOWN: Initial temperature, density and specific heat of a material. Convection coefficient and 
temperature of air flow. Time for embedded thermocouple to reach a prescribed temperature. 

FIND: Thermal conductivity of material. 

SCHEMATIC: 



-> Too = 25°C 

-> h = 200 W/m 2 -K 



x m = 0.01 m 



Material of unknown k 
Tj= 100°C 
p = 950 kg/m3 
c p = 1100 J/kg-K 

- Thermocouple junction 
T(0.01 m, 5 min) 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Sample behaves as a semi-infinite 
modium, (3) Constant properties. 

ANALYSIS: The thermal response of the sample is given by Case 3, Eq. 5.60, 
T(x,t)-Ti 



T -T 



= erfc 



( x > 



exp 



f i \ 
hx h at 
— + — ^~ 



v 



erfc 



' x ^hVat^ 



v 



2 Vat 



where, for x = 0.01m at t = 300 s, [T(x,t) - Ti]/(Too - Tj) = 0.533. The foregoing equation must be 
solved iteratively for k, with a = k/pc p . The result is 

k = 0.45W/m-K 



with a = 4.30 x 10" ? m 2 /s. 

COMMENTS: The solution may be effected by inserting the Transient Conduction 'Semi-infinite 
Solid/Surface Conduction Model of IHT into the work space and applying the IHT Solver. However, 
the ability to obtain a converged solution depends strongly on the initial guesses for k and a. 
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PROBLEM 5.77 



KNOWN: Very thick plate, initially at a uniform temperature, T i; is suddenly exposed to a surface 
convection cooling process (Too,h). 

FIND: (a) Temperatures at the surface and 45 mm depth after 3 minutes, (b) Effect of thermal diffusivity 
and conductivity on temperature histories at x = 0, 0.045 m. 

SCHEMATIC: 

7^= 15 °C 

h = 100 W/m 2 -K fT = 325 °C 

Thick plate \ 5.6x1 0" 7 <a<_ 5.6x1 0- 5 m 2 /s 
(2 < k < 200 W/rrvK 

ASSUMPTIONS: (1) One-dimensional conduction, (2) Plate approximates semi-infinite medium, (3) 
Constant properties, (4) Negligible radiation. 

ANALYSIS: (a) The temperature distribution for a semi-infinite solid with surface convection is given 
by Eq. 5.60. 



Coolant 




T(x,t)-Tj 
T -T 



= erfc 



a/2 



exp 



f 2 \ 
hx h at 
— + 



2{atf 

At the surface, x = 0, and for t = 3 min = 180s, 



V 



J 



erfc 



h(ert) 



1/2 



2 (at) 



.1/2 



T(0,180s)-325°C 
(15-325)°C 



= erfc(0) 



exp 



0 + 



100 2 W 2 /m 4 K 2 x 5.6x10 6 m 2 /sxl80s 



erfc 



0 + 



(20W/m-K) 

100 w/ m 2 • K^5.6 x 10" 6 m 2 /s x 180s 
20W/m-K 



1/2 



= 1 - [exp (0.02520)] x [erfc (0. 159)] = 1 - 1 .02552 x (l - 0. 178) 
T ( 0, 1 80s ) = 325° C - ( 1 5 - 325 )° C • ( 1 - 1 .0255 x 0.822) 
T (0,180s) = 325° C- 49.3° C = 276° C . 



At the depth x = 0.045 m, with t = 180s, 



T( 0.045m, 180s)- 325° C 
(15- 325)° C 



= erfc 



0.045 m 



2|5.6xl0 6 m 2 /sxl80s 



1/2 



exp 



^100w/m 2 -Kx 0.045m 



20W/m-K 



- + 0.02520 



erfc 



0.045 m 



2(5.6x10 6 m 2 /sxl80s 



1/2 



+ 0.159 



= erfc (0.7087) + [exp (0.225 + 0.0252)] x [erfc (0.7087 + 0. 159)] . 

T( 0.045m, 180s) = 325°C + (15 - 325)° C[(l - 0.684) - 1.284(1 - 0.780)] = 315° C < 

Continued... 
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PROBLEM 5.77 (Cont.) 



(b) The IHT Transient Conduction Model for a Semi-Infinite Solid was used to generate temperature 
histories, and for the two locations the effects of varying a and k are as follows. 




150 200 
Time, t(s) 

k = 20 W/m.K, alpha = 5.6E-5 m"2/s, x = 0 
k = 20 W/m.K, alpha = 5.6E-6m"2/s, x = 0 
■ k = 20 W/m.K, alpha = 5.6E-7m"2/s, x = 0 




150 200 
Time, t(s) 

k= 2 W/m.K, alpha = 5.6E-6m"2/s, x = 0 
k = 20 W/m.K, alpha = 5.6E-6m A 2/s, x = 0 
k = 200 W/m.K, alpha = 5.6E-6m"2/s, x = 0 




For fixed k, increasing alpha corresponds to a reduction in the thermal capacitance per unit volume (pc p ) 
of the material and hence to a more pronounced reduction in temperature at both surface and interior 
locations. Similarly, for fixed a, decreasing k corresponds to a reduction in pc p and hence to a more 
pronounced decay in temperature. 

COMMENTS: In part (a) recognize that Fig. 5.8 could also be used to determine the required 
temperatures. 
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PROBLEM 5.78 

KNOWN: Thick oak wall, initially at a uniform temperature of 25°C, is suddenly exposed to combustion 
products at 800°C with a convection coefficient of 20 W/m 2 -K. 

FIND: (a) Time of exposure required for the surface to reach an ignition temperature of 400°C, (b) 
Temperature distribution at time t = 325s. 



SCHEMATIC: 



700= 800 °C 



7(0,0 = 400 °C 



Wood, oak 



Combustion 
products 

7oo= 800 °C 
h = 20 W/m 2 -K 



T(x,t) 




T= 25 °C 



ASSUMPTIONS: (1) Oak wall can be treated as semi-infinite solid, (2) One-dimensional conduction, 
(3) Constant properties, (4) Negligible radiation. 

PROPERTIES: Table A-3, Oak, cross grain (300 K): p = 545 kg/m 3 , c = 2385 J/kg-K, k = 0.17 W/m-K, 
a = k/pc = 0.17 W/m-K/545 kg/m 3 x 2385 J/kg-K = 1.31 x 10" 7 m 2 /s. 

ANALYSIS: (a) This situation corresponds to Case 3 of Figure 5.7. The temperature distribution is 
given by Eq. 5.60 or by Figure 5.8. Using the figure with 

T(0,t)-Ti _ 400-25 



Ti 



800-25 



0.48 



and 



2 (at) 



1/2 



0 



we obtain h(at) 1/2 /k « 0.75, in which case t « (0.75k/ha 1/2 ) 2 . Hence, 



t 



0.75x0.17W/m-K/ 20w/m 2 -k(i.31x10 7 m 2 /s 



1/2 



= 310s 



(b) Using the IHT Transient Conduction Model for a Semi-infinite Solid, the following temperature 
distribution was generated for t = 325s. 




Distance from the surface, x(m) 

The temperature decay would become more pronounced with decreasing a (decreasing k, increasing pc p ) 
and in this case the penetration depth of the heating process corresponds to x « 0.025 m at 325s. 

COMMENTS: The result of part (a) indicates that, after approximately 5 minutes, the surface of the 
wall will ignite and combustion will ensue. Once combustion has started, the present model is no longer 
appropriate. 
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PROBLEM 5.79 



KNOWN: Thickness, initial temperature and thermophysical properties of concrete firewall. Incident 
radiant flux and duration of radiant heating. Maximum allowable surface temperatures at the end of 
heating. 

FIND: If maximum allowable temperatures are exceeded. 
SCHEMATIC: 



L = 0.25 m 



qs = 10 4 W/m 2 



Tmax _ 325°C 




Concrete, T| = 25°C 
p = 2300 kg/m3 
c = 880 J/kg-K 
k = 1 .4 W/m-K 
a s = 1 .0 

Tm3Y — 25°C 



ASSUMPTIONS: (1) One-dimensional conduction in wall, (2) Validity of semi-infinite medium 
approximation, (3) Negligible convection and radiative exchange with the surroundings at the 
irradiated surface, (4) Negligible heat transfer from the back surface, (5) Constant properties. 

ANALYSIS: The thermal response of the wall is described by Eq. (5.59) 



All 



rp / ^ rp , 2q^(gt/^) 

T(x,t) = Ti+ - exp 



4at 

v J 



q 0 x 



erfc 



■• x > 
l4ax 



where, a = k/ pc p =6.92x10 7 m 2 /s and for t = 30 min = 1800s, 2q" 0 {all n) u L /k = 284.5K. Hence, 
at x = 0, 



J/2 



T (0, 30 min) = 25°C + 284.5°C = 309.5°C < 325°C 
At x = 0.25m, |-x 2 /4atj = -12.54, q^x/k = 1,786K, and x/2(at) 1/2 =3.54. Hence, 

T (0.25m, 30min) = 25°C + 284.5°c(3.58 x 10" 6 J - 1786°C x (~ 0) * 25°C 



Both requirements are met. 

COMMENTS: The foregoing analysis is conservative since heat transfer at the irradiated surface due 
to convection and net radiation exchange with the environment have been neglected. If the emissivity 

of the surface and the temperature of the surroundings are assumed to be s = 1 and T sur = 298K, 

/ 4 4 \ 2 
radiation exchange at T s = 309. 5°C would be q ra( j = s a T s - T sur = 6, 080 W/m • K, which is 

significant (~ 60% of the prescribed radiation). 
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PROBLEM 5.80 

KNOWN: Initial temperature of copper and glass plates. Initial temperature and properties 
of finger. 

FIND: Whether copper or glass feels cooler to touch. 
SCHEMATIC: 



Finger } 1J = 3 1 OK 




Copper or gless } Ti = ~500K 



ASSUMPTIONS: (1) The finger and the plate behave as semi-infinite solids, (2) Constant 
properties, (3) Negligible contact resistance. 

PROPERTIES: Skin (given): p = 1000 kg/m 3 , c = 4180 J/kg-K, k = 0.625 W/m-K; Table 
A-l (T = 300K), Copper: p = 8933 kg/m 3 , c = 385 J/kg-K, k = 401 W/m-K; Table A-3 (T = 
300K), Glass: p = 2500 kg/m 3 , c = 750 J/kg-K, k = 1.4 W/m-K. 

ANALYSIS: Which material feels cooler depends upon the contact temperature T s given by 
Equation 5.63. For the three materials of interest, 



(kp cf! 2 = (0.625 x lOOOx 4180) 1 ' z = 1,616 J/m z • K • s 



1/2 



,1/2 



'skin 
J/2 



(kp c)" u z =(401x8933x385) 1/2 =37,137 J/m z -K-s 
(kp cf /2 ss = (l.4x 2500x 750) 1/2 = 1, 620 J/m 2 • K • s 



1/2 
1/2 



1/2 1/2 

Since (kp c) cu » (kp c) glass » the copper will feel much cooler to the touch. From 
Equation 5.63, 



T = 



(kpc))( 2 T A;i +(kpc)| j /2 T B;i 
(kpc) A +(kpc) B 

1,616(310) + 37,137(300) 
1,616 + 37,137 

1,616(310) + 1, 620(300) 
1,616 + 1,620 



s(cu) 



i(glass) 



= 300.4 K 



= 305.0 K. 



COMMENTS: The extent to which a material's temperature is affected by a change in its 

1/2 

thermal environment is inversely proportional to (kpc) . Large k implies an ability to 
spread the effect by conduction; large pc implies a large capacity for thermal energy storage. 
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PROBLEM 5.81 

KNOWN: Initial temperatures, properties, and thickness of two plates, each insulated on one 
surface. 

FIND: Temperature on insulated surface of one plate at a prescribed time after they are 
pressed together. 

SCHEMATIC: 



L-O.OZm > | 



T;=400K 



S"h?/77 less sreel 




77 =300/C 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible 
contact resistance. 



PROPERTIES: Stainless steel (given): p = 8000 kg/m , c = 500 J/kg-K, k = 15 W/m-K. 

ANALYSIS: At the instant that contact is made, the plates behave as semi-infinite slabs and, 
since the (pkc) product is the same for the two plates, Equation 5.63 yields a surface 
temperature of 

T s = 350K. 

The interface will remain at this temperature, even after thermal effects penetrate to the 
insulated surfaces. The transient response of the hot wall may therefore be calculated from 
Equations 5.40 and 5.41. At the insulated surface (x* = 0), Equation 5.41 yields 



t 0 -t s _ 

Ti-T s 



Cxexpf-^Fo) 



where, in principle, h — > oo and T^ — > T s . From Equation 5.39c, Bi — > oo yields £\ = 1.5707, 
and from Equation 5.39b 

C 1= ^9 =1.273 
2^1 + sin (2ft ) 



Also, 



Hence, 



at 3.75x10 6 m 2 /s(60s) 
Fo = — = ~z '- = 0.563. 

L (0.02 mf 

T °~ 35Q = 1.273expf-1.5707 2 xO.563) = 0.318 
400-350 V I 



T D =365.9 K. 



COMMENTS: Since Fo > 0.2, the one-term approximation is appropriate. 
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PROBLEM 5.82 

KNOWN: Thickness and properties of liquid coating deposited on a metal substrate. Initial temperature 
and properties of substrate. 

FIND: (a) Expression for time required to completely solidify the liquid, (b) Time required to solidify an 
alumina coating. 

SCHEMATIC: 
Alumina 

p = 3970 kg/m 3 

h sf = 3.577x1 0 6 J/kg 



Substrate 



k s = 120 W/m-K 
a s = 4x1 0" 5 m 2 /s 




8 = 2 mm 



T f = 2318 K 
H * T 



T, = 300 K 



ASSUMPTIONS: (1) Substrate may be approximated as a semi-infinite medium in which there is one- 
dimensional conduction, (2) Solid and liquid alumina layers remain at fusion temperature throughout 
solidification (negligible resistance to heat transfer by conduction through solid), (3) Negligible contact 
resistance at the coating/substrate interface, (4) Negligible solidification contraction, (5) Constant 
properties. 

ANALYSIS: (a) Performing an energy balance on the solid layer, whose thickness S increases with t, the 
latent heat released at the solid/liquid interface must be balanced by the rate of heat conduction into the 
solid. Hence, per unit surface area, 



Ph sf ^ = q con d where ' fromEq. 5.58, q^nd = k ( T f - T i)/{xatf /2 ■ 



It follows that 



Ph sf 



dS_k s (T f -Ti) 



dt 



1/2 



f^c_ k s( T f - T i) ft dt 
Jo ~ / 0/2 Jo J/2 



5- 



2k c 



1/2 



Tf-Tj 
P h sf 



t 

1/2 



t = 



4k< 



fo h sf 
Tf-Ti 



(b) For the prescribed conditions, 



;r|4xl0~ 5 m 2 /s 



4(120 W/m-K)' 



f 0.002 mx 3970 kg/ m 3 x 3.577 x 10 6 J/kg ^ 
2018K 



= 0.43 



COMMENTS: If solidification occurs over a short time resulting in a change of the solid's 
microstructure (relative to slow solidification), it is termed rapid solidification. See Problem 5.32. 
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PROBLEM 5.83 



KNOWN: Properties of mold wall and a solidifying metal. 

FIND: (a) Temperature distribution in mold wall at selected times, (b) Expression for variation of solid 
layer thickness. 



SCHEMATIC: 



Vat 



7=7) (f>0) 




Molten metal 



q cond 



Solid metal 
P. h sf' T f 



Mold wall 

Y k n T 

W W I 




(a) 



(b) 




ASSUMPTIONS: (1) Mold wall may be approximated as a semi-infinite medium in which there is one- 
dimensional conduction, (2) Solid and liquid metal layers remain at fusion temperature throughout 
solidification (negligible resistance to heat transfer by conduction through solid), (3) Negligible contact 
resistance at mold/metal interface, (4) Constant properties. 

ANALYSIS: (a) As shown in schematic (b), the temperature remains nearly uniform in the metal (at Tf) 
throughout the process, while both the temperature and temperature penetration increase with time in the 
mold wall. 

(b) Performing an energy balance for a control surface about the solid layer, the latent energy released 
due to solidification at the solid/liquid interface is balanced by heat conduction into the solid, q[ at = 

q CO nd > where qfat = /?h s f dS/dt and q CO nd * s gi ven by Eq. 5.58. Hence, 



P h sf 



pds = 

Jo 



dS_ k w (T f -Tj) 
dt " (^wt) 1/2 

k w( T f- T i) ft dt 



ph s f (;ra w ) t 



J- 

Jo 



g= 2k w( T f- T i) t l/2 



ph sf (xcc w ) 



1/2 



COMMENTS: The analysis of part (b) would only apply until the temperature field penetrates to the 
exterior surface of the mold wall, at which point, it may no longer be approximated as a semi-infinite 
medium. 
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PROBLEM 5.84 



KNOWN: Diameter and initial temperature of two Inconel rods. Amplitude and frequency of 
motion of upper rod. Coefficient of friction. 

FIND: Compressive force required to bring rod to melting point in 3 seconds. 
SCHEMATIC: 



d(t) = acos(at) 

a = 2 mm ► 

a = 1 000 rad/s 



Inconel, T,= 20°C 



■/j =0.3 



D = 40 mm 



ASSUMPTIONS: (1) Negligible heat loss from surfaces of rods, (2) Rods are effectively semi- 
infinite, (3) Frictional heat generation can be treated as constant in time, (4) Constant properties. 

PROPERTIES: Table A.l, Inconel X-750: T m = 1665 K, T = (T +T m )/2 = (293 +1665)/2 = 979 
K, k = 23.6 W/m-K, c p = 618 J/kg-K, p = 8510 kg/m 3 , a = k/pc p = 4.49 x 10" 6 m 2 /s. 

ANALYSIS: We begin by expressing the frictional heat flux in terms of the unknown 
compressive force, F n . 

F.V |juF n V| kiFjdd bFl ,. , 
q" = — l - — = r " 1 = m — = ^-^aco smcot 
A A A dt A 1 1 

In the above equation, use has been made of the fact that the frictional force always opposes the 
direction of motion, therefore F t »V = -IF t VI. The average value of the heat flux is found by 
integrating over one period of Isin cotl, namely n/co: 

» = _ | to — sincQt dt = — — — coscot 

7t Jo A 1 1 JT A 

Continued... 



2|iF n aco 
jtA 



(1) 
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PROBLEM 5.84 (Cont.) 



Note that A = 7iD 2 /2, because heat conducts in both directions. We can find the surface 
temperature from Eq. 5.59 for the temperature distribution in a semi-infinite solid with uniform 
surface heat flux. Evaluating that equation at x = 0 yields 



T -X = 



2q;(at/^) 1 



(2) 



With T s equal to the melting temperature, we can solve for q" : 



k(T s -X,)f ^ 



v at y 



1/2 



23.6 W/m ■ K(1665 K - 293 K) 



71 



.1/2 



v 4.49xl(T 6 m 2 /sx3 s. 



= 7.82xl0 6 W/m 2 
Then we can solve for F n from Eq. (1): 



r q>A 7.82 x 10 6 W/m 2 x ji x ji x (0.04 m) 2 / 2 
F = — = = 5 1 .4 kN 



2|aaco 



2 x 0.3 x 0.002 m x 1000 rad/s 
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PROBLEM 5.85 



KNOWN: Above ground swimming pool diameter and temperature. Ground temperature. 

FIND: (a) Rate of heat transfer from pool to ground after 10 hours, and (b) Time for heat transfer 
rate to reach within 10% of its steady-state value. 

SCHEMATIC: i i 




ASSUMPTIONS: (1) Temperature of ground underneath pool quickly reaches 20°C when heater 
is turned on, and remains constant, (2) Negligible heat loss from surface of ground to surrounding 
air. 

PROPERTIES: Table A.3, Soil (~ 300 K): p = 2050 kg/m 3 , k 0.52 W/m-K, c p = 1840 J/kg-K, , 
a = 1.38 x 10" 7 m 2 /s. 



ANALYSIS: (a) Since there is no heat loss from the ground, the surface can be viewed as a 
symmetry plane, and the footprint of the pool can be seen as a constant temperature disk in 
infinite surroundings. Referring to Table 5.2a, Exterior Cases, Various Shapes, and Table 4.1, 
Case 13 we have 

*-_"_+ * - 1 | 2 ^ (1) 
VttFo ss VjtFo 71 

with Fo = at/L 2 c , L c = (A s /4ji) 1/2 , and A s = jiD 2 /2. Thus 
L c = (D 2 /8) 1/2 = 5 m/V8 = 1.77 m 

Fo = at/li = (1.38 x 10" 7 m 2 /s x 10 h x 3600 s/h)/(1.77 m) 2 = 1.59 x 10" 3 



Thus 



Thus 



q* = 15.1= q " L 



k(T s -Tj) 
kA s (T s -T) 4 

q s = q s A s = — ^ — ^q* 

L c 



= [o.52W/m-Kxjr.x(5 m) 2 /2 x (20°C - 10°C)/1.77 m] x 15.1 
= 116Wx 15.1 = 1739 W 



Continued... 
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PROBLEM 5.85 (Cont.) 



Since this is the heat transfer rate from the disk to infinite surroundings, the heat rate from the 
disk to the ground is: 

q gr =q s /2 = 870W 



(b) From Equation (1) we see that the dimensionless heat rate, q*, is greater than the steady-state 
dimensionless heat rate, q* s . We wish to find the time at which q* is 10% greater than q* s , that 
is 



Thus 



and 



q* - 



1 +qL = i-i(qss) 



VtiFo 



1 . 2>/2 
= 0.1 q ss =0.1 



VtiFo 



Fo = 



0.1(2>/2) 



= 39.3 



7T 



t = F0I4/OI 

= 39.3(1.77 m) 2 /1.38xl0" 7 m 2 /s 
= 8.9 x 10 8 s = 28.2 years 



COMMENTS: The low thermal diffusivity of the soil and the large pool dimensions result in a 
very long time to reach steady-state. Therefore, it is not appropriate to treat the problem as 
steady-state. 
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PROBLEM 5.86 



KNOWN: Thickness and properties of DVD disk. Laser spot size and power. 
FIND: Time needed to raise the storage material from 300 K to 1000 K. 
SCHEMATIC: 



a r = 0.8 



Storage 
material 




Polycarbonate 



D = 0.4 urn 



P = 1 mW 

ASSUMPTIONS: (1) Negligible contact resistances at the interfaces, (2) Infinite medium, (3) 
Polycarbonate is transparent to laser irradiation, (4) Polycarbonate is opaque to radiation from the 
heated spot, (5) Spatially-uniform laser power, (6) Motion of disk does not affect the thermal 
response, (7) Infinitely thin storage material, (8) Negligible nanoscale heat transfer effects. 

PROPERTIES: Polycarbonate (given): k = 0.21 W/m-K, p = 1200 kg/m 3 , c p = 1260 J/kg-K. 
Storage material (given): a r = 0.8 

ANALYSIS: The heat transferred from the irradiated storage material is 

q = a r P (1) 



From Case 13 of Table 4.1, 
A c = jtD 2 /2 



(2) 



From Table 5.2b for Fo < 0.2, 



q*(Fo) = 



I 71 71 

k(T s -T;) 2VFb + 4 



(3a) 



From Table 5.2b for Fo > 0.2 



q*(Fo) = 



k(T s -Ti) VFb 



0.77 2V2 
+ 



71 



(3b) 



where L c = (A s /4tt) 1/2 = D/V8 ; q" = — 



and 



Fo = at/li = 8at/D 2 



with a = k/pc = 0.21 W/m • K/(1200 kg/m 3 x 1260 J/kg • K)= 139 x 10" 9 m 2 /s, 



(4) 
(5) 

Continued.. 
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PROBLEM 5.86 (Cont.) 



and 



q;'L c 2Pa r 



k(T s -T c ) 7iDV8k(T s -Tj) 



2 x 1 x 10~ 3 W x 0.8 



= 3.0623 



7i x 0.4 x 10"' 



x x 0.21 W/m- K x (1000 - 300) K 



Equations (3a) and (3b) yield 



For Fo < 0.2, Fo = 0.151 
ForFo>0.2, Fo = 0.127 



Therefore, Fo = 0.152 



< 



From Equation (5), 



FoD 2 _ 0.151 x (0.4 x 10' 6 m) 2 
8a 8 x 139 x 10" 9 m 2 /s 



= 21.8x 10" 9 s = 21.8 ns 



< 



COMMENTS: The actual heating rate will be slightly longer due to the finite thickness of the 
storage medium. 
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PROBLEM 5.87 



KNOWN: Mass and initial temperatures of frozen ground beef. Rate of microwave power 
absorbed in packaging material. 

FIND: Time for beef adjacent to packaging to reach 0°C. 
SCHEMATIC: 

Beef, 1kg 
T, = -20 °C 

Packaging material, q 




ASSUMPTIONS: (1) Beef has properties of ice, (2) Radiation and convection to environment 
are neglected, (3) Constant properties, (4) Packaging material has negligible heat capacity. 

PROPERTIES: Table A.3, Ice (~ 273 K): p = 920 kg/m 3 , c = 2040 J/kg-K, k = 1.88 W/m-K. 

ANALYSIS: Neglecting radiation and convection losses, all the power absorbed in the packaging 
material conducts into the beef. The surface heat flux is 
= _q_ = 05P_ 

4s A s 4 7tR 2 

The radius of the sphere can be found from knowledge of the mass and density: 



v 4 3 
m = pV = p-7ir 0 

1/3 / 



Thus 



R = 



q s = 



3 m 
4tt p 



1kg 



,1/3 



4ti 920 kg/m 3 



= 0.0638 m 



0.5(1000 W) =9780w/m ; 



4jix(0.0638 my 

For a constant surface heat flux, the relationship in Table 5.2b, Interior Cases, sphere, can 
be used. We begin by calculating q* for T s = 0°C. 



q* - 



q s r o 



9780 W/m z x 0.0638 m 



k(T s - T ; ) 1.88 W/m • K(0°C - ( - 20°C)) 



= 16.6 



We proceed to solve for Fo. Assuming that Fo < 0.2, we have 



1 / 7t 71 

2VF0 " 4 



Continued. 
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PROBLEM 5.87 (Cont.) 



F() = 71 



2(q* + 

4 



-1-2 



= 0.0026 



Since this is less than 0.2, our assumption was correct. Finally we can solve for the time: 

t = Fo r 2 la = Fo r 2 pc/k 
= (0.0026 x (0.0638 m) 2 x 920 kg/m 3 x 2040 J/kg • K)/(1.88 W/m-K) 



= 10.6 s 



COMMENTS: At the minimum surface temperature of -20°C, with X*, = 30°C and 
h = 15 W/m 2 -K from Problem 5.33, the convection heat flux is 750 W/m 2 , which is less than 8% 
of the microwave heat flux. The radiation heat flux would likely be less, depending on the 
temperature of the oven walls. 
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PROBLEM 5.88 



KNOWN: Thickness and initial temperature of composite skin. Properties of material when 
intact and when delaminated. Imposed surface heat flux. 

FIND: Surface temperature of (a) intact material and (b) delaminated material, after 10 and 100 
seconds. 



SCHEMATIC: 



I 



qs = 5 kW/m 2 



L = 15 mm 



Composite skin 
T i = 20 Q C 
p = 1 200 kg/m 3 
c= 1200 J/kg-K 
Intact: 

k, = 1.6 W/m-K 
Delaminated: 
k 2 = 1.1 W/m-K 

ASSUMPTIONS: (1) One-dimensional heat conduction, (2) Bottom surface adiabatic, (3) 
Constant and uniform properties, (4) Negligible convective and radiative losses. 

ANALYSIS: 

(a) The situation is equivalent to a plane wall of thickness 2L with heat flux at both surfaces. We 
use Table 5.2b, Interior Cases, Plane Wall of thickness 2L. We first calculate Fo for the intact 
case at t = 20 s. 

at _ k L t 



Fo = 



L 2 pcL 2 



1.6 W/m-Kx 10 s 



1200 kg/m 3 x 1200 J/kg • Kx (0.015 m) 2 
= 0.0494 



Since Fo < 0.2, 



1 71 



1 



2 \( Fo 2 V 0.0494 



71 



= 3.99 



Thus 



T s>1 (10s) = Ti + qJL/k 1 q* 

= 20°C + 5000 W/m 2 x 0.015 m/(1.6 W/m • K x 3.99) 
= 31.8°C 



At t = 100 s, Fo = 0.494 > 0.2, thus 



Fo + 



1 



= 1.21 



Continued. 
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PROBLEM 5.88 (Cont.) 



And 



T Sjl (100 s) = Ti + q;'L/k iq * 

= 20°C + 5000 W/m 2 x 0.015 m/(1.6 W/m • K x 1.21) 



= 58.8°C 



< 



(b) Repeating the calculations for k 2 = 1.1 W/m-K, we find 
T s , 2 (10 s) = 34.2°C 



< 



T s>2 (100 s) = 65.9°C 



< 



COMMENTS: (1) For t = 10 s, the Fourier number is less than 0.2, and the skin behaves as if it 
were semi-infinite. However for t = 100 s, the heat has penetrated sufficiently far so that the 
presence of the insulated bottom surface affects the heat transfer. The surface temperature is 
higher than it would be for a semi-infinite solid. 

(2) The surface temperatures are sufficiently different for the intact and delaminated cases so that 
detection is possible. The difference increases with increasing heating time, but if the heating 
time is too long the elevated temperature will damage the material. 

(3) We have assumed that thermal conductivity is uniform, but in reality it will be different in 
intact and delaminated regions. In particular, if the delamination is near the bottom surface, use 
of a short heating time may not detect the damage because heat hasn't penetrated significantly 
into the damaged region. 

(4) Convective and radiative losses may not be negligible. 
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PROBLEM 5.89 



KNOWN: Energy generation rate within a buried spherical container of known size. 

FIND: Time needed for the surface of the sphere to come within 10 degrees Celsius of the 
steady-state temperature. 

SCHEMATIC: 




ASSUMPTIONS: (1) Infinite medium, (2) Constant properties, (3) Negligible contact resistance 
between the sphere and the soil. 

PROPERTIES: Table A.3, soil (300 K): k = 0.52 W/m-K, p = 2050 kg/m 3 , c p = 1840 J/kg-K. 

ANALYSIS: The steady-state temperature difference may be obtained from case 12 of Table 4.1 
with L c = (A s /47t) 1/2 = (7iD 2 /4ti) 1/2 = D/2 

q = kA s (T lss - T 2 ) = 0.52 W/m • K x % x (2m) 2 x (T l ss - T 2 ) = 500 W 

from which we find 

T l!SS -T 2 =76.52°C 

Therefore, at the time of interest, T x - T 2 = 76.52°C - 10°C = 66.52°C 
From Table 5.2b, sphere, exterior case, 



. q (D/2) 
q*(Fo) = f 

ttD k(Tj - T 2 ) 



1 



exp(Fo) erfc(Fo 1/2 )] 



500 W 



or 



1- exp (Fo) erfc (Fo 1/2 )] 2tt x 2 m x 0.52 W/m • K x 66.52K 



= 1.15 



Solving for Fo yields Fo = 17.97. 

Knowing a = k/pc p = 0.52 W/m • k/(1050 kg/m 3 x 1840 J/kg • K) = 1.379 x 10" 7 m 2 /s 

n2 



t = 



Fo x (D/2) 2 FoD 2 



17.97 x (2 my 



4x 1.379 x 10" 7 m 2 /s 



a 4a 

t = 1.303 x 10 8 sx I** x JA_ x JJ^L_ =4.13 years. < 
24 h 3600 s 365 days 

COMMENTS: The time to reach the steady-state is significant. In practice, it is often difficult to 
ascertain when steady-state is achieved due to the slow thermal response time of many systems. 
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PROBLEM 5.90 



KNOWN: Dimensions of a fissure in limestone. Velocity of air flow through fissure and 
corresponding convection coefficient. Periodic variation of limestone surface temperature. 

FIND: (a) Maximum and minimum values of air temperature near inlet, (b) Maximum heat flux 
to air and corresponding inlet and outlet temperatures, (c) Air outlet temperatures corresponding 
to maximum and minimum inlet temperatures, (d) Plot the inlet air and limestone surface 
temperatures and the heat transfer rate over a 24 hour period, (e) Required thickness for 
limestone to be viewed as semi-infinite. 

SCHEMATIC: 

Limestone 



Air inlet 

V = 2 m/s 

T in , h = 10W/m 2 -K 




T s = I", + ATsincot 

T, = 300 K 

AT=2K 

co = 2rc/(24 h) 



ASSUMPTIONS: (1) Limestone can be treated as semi-infinite, (2) Variation of limestone 
surface temperature is sinusoidal, (3) Conduction in limestone is one-dimensional in the direction 
perpendicular to the surface. 

PROPERTIES: Table A.3, Limestone (T = 300 K): p = 2320 kg/m 3 ,k = 2.15 W/m-K, c p = 810 
J/kg-K, a = k/pc p = 1.14 x 10" 6 m 2 /s. Table A.4, Air (300 K): p a = 1.1614 kg/m 3 , c pa = 1007 
J/kg-K. 

ANALYSIS: 

(a) For a sinusoidal surface temperature variation, T s = T + AT sincot, the surface heat flux is 
given by Equation 5.70: 

q"(t) = kATVro/a sin (cot + n/4) (1) 
Here this must equal the heat flux by convection from the air near the inlet, that is, 
q;(t) = h(T in -T s ) 

Thus 

T in -T s+q ;'/h 

= T; + ATsin cot + (kATVco/a/h) sin(©t + n/4) 

where co = 2ji/(24 h x 3600 s/h) = 7.27 x 10" 5 s" 1 . IHT was used to solve for and plot T K over a 

Continued... 
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PROBLEM 5.90 (Cont.) 

24 hour period, and the Explore function was used to identify the maximum and minimum values: 
T in , max = 32°C at t = 1.5xl0 4 s < 
T in>min = 22°C at t = 5.8xl0 4 s < 

(b) The heat flux to the air is given by 

ql = - q" s = - kATVcoTa sin(cot + 7t/4) (3) 
and this is maximum when cot + jt/4 = 3jt/2 and sin(cot + tt/4) = -1. Thus 

qa,max = kAT^ 

= 2.15 W/m-Kx2Kx ^7.27x lO'V'/l-Hx 10" 6 m 2 /s 

= 34.3 W/m 2 < 



at t Q = (37t/2 - 7t/4)/co = 5.4 x 10 4 s. Evaluating T in at this time from Equation (2) yields 
T in = T; + ATsin(cot D ) + (kAT^/co/a/h) sin(cot D + n/4) 

= 300 K + 2 K sin (7.27 x 10" 5 s _1 x 5.4 x 10 4 s) 

+ (2.15 W/m-Kx2Kx ^7.27 x 10" 5 s^/l.U x 10" 6 m 2 /s/l0 W/m 2 • K) x (- 1) 
= 295 K = 22°C < 

An energy balance on the entire volume of air in the fissure yields (see Equation l.lle) 
q = rhc p (T out -T in ) 

where q = 2q^Lw. Thus 

T out =T in+ 2q^Lw/pVdwc p (4) 

= 22°C + 2 x 34.3 W/m 2 x 5 m/(1.1614 kg/m 3 x 2 m/s x 0.03 m x 1007 J/kg- K) 
= 27°C < 

(c) To find the outlet temperatures we can use Equation (4), but we need to know q^ from 
Equation (3). At the two times noted in part (a), 

q^ =-32.9 W/m 2 at t=1.5xl0 4 s 

q^ = 32.9 W/m 2 at t = 5.8 x 10 4 s 
Thus from Equation (4) 

T out = 27.4°C at t=1.5xl0 4 s < 
T out = 26.6°C at t = 5.8xl0 4 s < 

(d) The inlet temperature is given by Equation (2). The surface temperature is given as 

T s = T ; + AT sincot, ant the heat flux to the limestone is given by Equation (1). Plots of these 
three quantities are given on the next page. 

Continued... 
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PROBLEM 5.90 (Cont.) 




(e) The penetration depth is 5 p = 4va/co = 0.25 m . Since the limestone is almost certainly 
substantially thicker than 0.25 m, it can be treated as semi-infinite. 

COMMENTS: In reality, both the air and limestone temperature would vary along the length of 
the fissure, and conduction would occur in the limestone in the direction parallel to the air flow. 
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PROBLEM 5.91 



KNOWN: Desired minimum temperature response of a 3 co measurement. 
FIND: Minimum sample thickness that can be measured. 

ASSUMPTIONS: (1) Constant properties, (2) Two-dimensional conduction, (3) Semi-infinite 
medium, (4) Negligible radiation and convection losses from the metal strip and the top surface of 
the sample. 

PROPERTIES: (Example 5.8): k = 1.11 W/m-K, a = 4.37 x 10" 7 m 2 /s. 
ANALYSIS: Equation 5.71 maybe rearranged to yield 



co = 2exp 



co = 2 x exp 



ATLnk 



5.35 



0.1°Cx 3.5 x 10' 3 mxTtx 1.11 W/m-K^ 
3.5 x 10" 3 W 



co = 44.2 x 10 3 rad/s 
a = 4.37 x 10" 7 m 2 /s 



Therefore 



8 p = VaA^ = ^4-37 x 10" 7 m 2 /s / 44.2 x 10 3 rad/s = 3.1 x 10" 6 m = 3.1 



um 



The minimum sample thickness is therefore 3.1 Lxm. < 

COMMENTS: (1) To ensure the thickness of the sample is adequate, the actual minimum 
thickness should be greater than the thermal penetration depth. (2) The sample thickness could be 
increased further by increasing the amplitude of the heating rate, Aq s . (3) It is commonly desired 
to measure very thin samples to discern the effect of the top and bottom boundaries of a thin film 
on the conduction heat transfer rate, as depicted in Figure 2.6. As the film becomes thinner, the 
experimental uncertainties increase. 
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PROBLEM 5.92 



KNOWN: Stability criterion for the explicit method requires that the coefficient of the 
term of the one-dimensional, finite-difference equation be zero or positive. 

FIND: For Fo > 1/2, the finite-difference equation will predict values of Tm + * which violate 
the Second law of thermodynamics. Consider the prescribed numerical values. 

SCHEMATIC: 



One -dimensional solid 



T(x,t)X 




AX 



Tm^ J for Fo=i^ ) T(m,t+&.t) 



T^" 1 for Fo^Uf, Tfm, f+At) 



m+1 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Constant properties, (3) No 
internal heat generation. 

ANALYSIS: The explicit form of the finite-difference equation, Eq. 5.78, for an interior 
node is 



Tff^Fo^+T^j + Cl-lFojTS. 



The stability criterion requires that the coefficient of T^ be zero or greater. That is, 
(l-2Fo)>0 or Fo<-. 

For the prescribed temperatures, consider situations for which Fo = 1, Vi and % and calculate 

T p+1 
1 m ■ 



Fo = l 
Fo = 1/2 
Fo = 1/4 



TP +1 =1(100 + 100)° C + (l-2xl)50°C = 250°C 
TP +1 = 1/2(100 + 100)° C + (1 - 2 x 1/ 2) 50°C = 100°C 
TP +1 = 1/4(100 + 100)° C + (l-2xl/4)50°C = 75°C. 



Plotting these distributions above, note that when Fo = 1, Tj^* is greater than 100°C, while 

for Fo = Yi and V* , t£ +1 < 100°C. The distribution for Fo = 1 is thermodynamically 

impossible: heat is flowing into the node during the time period At, causing its temperature to 
rise; yet heat is flowing in the direction of increasing temperature. This is a violation of the 
Second law. When Fo = Vi or l A, the node temperature increases during At, but the 
temperature gradients for heat flow are proper. This will be the case when Fo < Vz, verifying 
the stability criterion. 
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PROBLEM 5.93 

KNOWN: Thin rod of diameter D, initially in equilibrium with its surroundings, T sur , 
suddenly passes a current I; rod is in vacuum enclosure and has prescribed electrical 

resistivity, p e , and other thermophysical properties. 

FIND: Transient, finite-difference equation for node m. 

SCHEMATIC: 



AX 



AX 



-1 



I ► 



r 



777 



m+1 



'm j 




ASSUMPTIONS: (1) One-dimensional, transient conduction in rod, (2) Surroundings are 
much larger than rod, (3) Properties are constant and evaluated at an average temperature, (4) 
No convection within vacuum enclosure. 

ANALYSIS: The finite-difference equation is derived from 
the energy conservation requirement on the control volume, 



A c Ax, where A c = n D / 4 
The energy balance has the form 



and 



P = 7T D. 



Em E OU ( + Eg — E st 



T p+1_ T P 

qa+qb-qrad +I R e = pcv m T " 

At 



m 



AX — t * H 



where Eg = I R e and R e = p e Ax/A c . Using Fourier's law to express the conduction terms, 
q a and q^, and Eq. 1.7 for the radiation exchange term, q ra( j, find 



t£ ,-tP 



tP^-tP 



kA c m +kA c m+1 m 



Ax 



Ax 



.4 ^ T 2Pe Ax 
l sur 



p+1 p 

Am Am 



/;PAx o- 1 T^'P - T s 4 ur I + I z = p cA c Ax ±m 1 111 



A, 



At 



Divide each term by pcA c Ax/ At, solve for T m + * and regroup to obtain 
-P+l__k^ At 



P c Ax' 



2 \ m-1 m+1 



A c pc\ J a 



P c Ax' 
At 



T P 
A m 



pc 



Recognizing that Fo = a At/ Ax , regroup to obtain 
T ^ +1 =Fo(TP. 1+ TP + 1 ) + (l-2Fo)TP 



^PoAx' 
kA. 



Fo|TiP-Tl) + 1 ^ 



l sur 



•Fo. 



The stability criterion is based upon the coefficient of the term written as 

Fo < Vi. < 

COMMENTS: Note that we have used the forward-difference representation for the time derivative; 
see Section 5.10.1. This permits convenient treatment of the non-linear radiation exchange term. 
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PROBLEM 5.94 



KNOWN: One-dimensional wall suddenly subjected to uniform volumetric heating and 
convective surface conditions. 



FIND: Finite-difference equation for node at the surface, x = -L. 
SCHEMATIC: 




AX— H 




-for 2T ±0,9 



ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties, (3) 
Uniform q. 

ANALYSIS: There are two types of finite-difference equations for the explicit and implicit 
methods of solution. Using the energy balance approach, both types will be derived. 

Explicit Method. Perform an energy balance on the surface node shown above, 



h(l-l) Too-TP 



T p+1_ T P 

qconv + qcond + 4 V = P cV — ° 



At 



T P _ T P 

+ k(l-l)^— ^ 
V ' Ax 



+q 









1-1- — 


= p c 


1 • 1 • — 


2 _ 


2 _ 



p+l p 

1 o 1 o 



At 



(1) 
(2) 



For the explicit method, the temperatures on the LHS are evaluated at the previous time (p). 
The RHS provides a forward-difference approximation to the time derivative. Divide Eq. (2) 

by pc Ax/2 At and solve for Tq + . 



T 0 P +1 =2 



hAt 

p cAx 



- T P) + 2 



kAt 



p cAx' 



TP-TP +q 



At 

P c 



+ T P. 



Introducing the Fourier and Biot numbers, 
Fo = (k/p c) At/Ax 2 



-P+l _ 



2 Fo 



Bi = hAx/k 

2' 



qAx' 



+ (l-2Fo-2Fo-Bi)TP. 



The stability criterion requires that the coefficient of Tq be positive. That is, 

(l-2Fo-2Fo-Bi)>0 or Fo < 1/2(1 + Bi). 

Implicit Method. Begin as above with an energy balance. In Eq. (2), however, the 
temperatures on the LHS are evaluated at the new (p+l) time. The RHS provides a 
bac/cward-difference approximation to the time derivative. 

T p+1_ T P 



(3) 



(4)< 



hlToo-Tr 1 



rpP+1 rpP+l 

+ k— ^ — + q 

Ax 



Ax 



pc 



Ax 



At 



(l + 2 Fo (Bi + 1)) TP +1 - 2 Fo • TP +1 = T^ + 2Bi • Fo • T^ + Fo 



qAx' 



(5) 
(6)< 



COMMENTS: Compare these results (Eqs. 3, 4 and 6) with the appropriate expression in 
Table 5.3. 
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PROBLEM 5.95 



KNOWN: Plane wall, initially having a linear, steady-state temperature distribution with boundaries 
maintained at T(0,t) = Ti and T(L,t) = T 2 , suddenly experiences a uniform volumetric heat generation due 
to the electrical current. Boundary conditions Ti and T 2 remain fixed with time. 

FIND: (a) On T-x coordinates, sketch the temperature distributions for the following cases: initial 
conditions (t < 0), steady-state conditions (t — > oo) assuming the maximum temperature exceeds T 2 , and 
two intermediate times; label important features; (b) For the three-nodal network shown, derive the finite- 
difference equation using either the implicit or explicit method; (c) With a time increment of At = 5 s, 
obtain values of T m for the first 45s of elapsed time; determine the corresponding heat fluxes at the 
boundaries; and (d) Determine the effect of mesh size by repeating the foregoing analysis using grids of 5 
and 1 1 nodal points. 



SCHEMATIC: 

7 1 =0°C^ 



m 



T 2 = 100 °C 



f> = 0 

<7 = 2x10 7 W/m 3 





• 




1 






E g- E st 
1 — 1 


q" 




Ax=10mm 









L = 20 mm 

ASSUMPTIONS: (1) Two-dimensional, transient conduction, (2) Uniform volumetric heat generation 
for t > 0, (3) Constant properties. 

PROPERTIES: Wall (Given): p = 4000 kg/m 3 , c = 500 J/kg-K, k = 10 W/m-K. 



7(X,oo) 



ANALYSIS: (a) The temperature distribution 
on T-x coordinates for the requested cases are 
shown below. Note the following key features: 
(1) linear initial temperature distribution, (2) 
non-symmetrical parabolic steady-state 
temperature distribution, (3) gradient at x = L is 
first positive, then zero and becomes negative, 
and (4) gradient at x = 0 is always positive. 



7(x,t) 




7"(x,<0) © 



(b) Performing an energy balance on the control volume about node m above, for unit area, find 



j in 



" Eout + Er 



k(l) 



T2-T, 



m 



+ k(l) 



st 
Tl 



l m 



Ax 

Fo[T 1+ T 2 -2T m ] + 



Ax 
qAt 



-q(l)Ax = p(l)cAx 



T p+1 _ T p 
x m 'm 



At 



p+1 p 
l m x m 



For the T m term in brackets, use "p" for explicit and "p+1" for implicit form, 
Explicit: T,P +1 =Fo|tP +TPj + (l-2Fo)TP +qAt//?c p 



Implicit: 



rP+1 
L m 



Fo ( T P +1 + T P +1 ) + q At/pc p + TP + 2Fo) 



(D< 

(2)< 
Continued... 
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PROBLEM 5.95 (Cont.) 

(c) With a time increment At = 5s, the FDEs, Eqs. (1) and (2) become 

TP +1 =0.5TP +75 
tP +1 =(tP + 75)/i.5 



Explicit. 
Implicit. 
where 



(3) 
(4) 



Fo 



qAt 



kAt 



10W/m-Kx5s 



pcAx 2 4000 kg/ m 3 x 500 J/kg • K( 0.0 10 m)' 



0.25 



2xl0 7 W/m 3 x5s 



50K 



P c 4000kg/m x500J/kg-K 
Performing the calculations, the results are tabulated as a function of time, 



p 


t(s) 


Ti (°C) 




T m (°C) 


T 2 (°C) 








Explicit 


Implicit 




0 


0 


0 


50 


50 


100 


1 


5 


0 


100.00 


83.33 


100 


2 


10 


0 


125.00 


105.55 


100 


3 


15 


0 


137.50 


120.37 


100 


4 


20 


0 


143.75 


130.25 


100 


5 


25 


0 


146.88 


136.83 


100 


6 


30 


0 


148.44 


141.22 


100 


7 


35 


0 


149.22 


144.15 


100 


8 


40 


0 


149.61 


146.10 


100 


9 


45 


0 


149.80 


147.40 


100 



The heat flux at the boundaries at t = 45s follows from the energy balances on control volumes about the 
boundary nodes, using the explicit results for , 



Node 1: 



^in E out + Eg — E st 



q'x(0,t) + k V Jl 



Ax 



+ q(Ax/2) = 0 



q;(0,t) 



JP 



Ax/2 



Node 2: 



q^ (0, t) = -k (TP - Ti ) I Ax - qAx/2 (5) 

q^ (0,45s) = -10W/m-K(l49.8-0)K/0.010m-2xl0 7 w/m 3 x0.010m/2 
q^ (0,45s) = -149,800w/m 2 -100,000 w/ m 2 = -249, 800 w/ m 2 

tP -T 0 
Ax 



■q" x (L,t) + q(Ax/2) = 0 



q^ (L, t) = k (TP - T 2 ) I Ax + qAx/2 = 0 



(6) 
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PROBLEM 5.95 (Cont.) 

q" x (L,t) = 10W/m-K(l49.80-100)C/0.010m + 2xl0 7 w/m 3 x0.010m/2 

q" x ( L, t) = 49, 800 w/ m 2 + 100, 000 w/ m 2 = + 149, 800 w/ m 2 < 

(d) To determine the effect of mesh size, the above analysis was repeated using grids of 5 and 1 1 nodal 
points, Ax = 5 and 2 mm, respectively. Using the IHT Finite-Difference Equation Tool, the finite- 
difference equations were obtained and solved for the temperature-time history. Eqs. (5) and (6) were 

used for the heat flux calculations. The results are tabulated below for t = 45s, where (45s) is the 
center node, 



Mesh Size 








Ax 


(45s) 


q x (0,45s) 


q x (L*45s) 


(mm) 


(°C) 


kW/m 2 


kW/m 2 


10 


149.8 


-249.8 


+149.8 


5 


149.3 


-249.0 


+149.0 


2 


149.4 


-249.1 


+149.0 



COMMENTS: (1) The center temperature and boundary heat fluxes are quite insensitive to mesh size 
for the condition. 

(2) The copy of the IHT workspace for the 5 node grid is shown below. 



// Mesh size - 5 nodes, deltax = 5 mm 

// Nodes a, b(m), and c are interior nodes 

// Finite-Difference Equations Tool - nodal 
equations 

/* Node a: interior node; e and w labeled b and 
1. V 

rho*cp*der(Ta,t) = 

fd_1d_int(Ta,Tb,T1,k,qdot,deltax) 

/* Node b: interior node; e and w labeled c and 

a. 7 

rho*cp*der(Tb,t) = 

fd_1d_int(Tb,Tc,Ta,k,qdot,deltax) 

/* Node c: interior node; e and w labeled 2 and 

b. 7 

rho*cp*der(Tc,t) = 
fd_1d_int(Tc,T2,Tb,k,qdot,deltax) 

// Assigned Variables: 

deltax = 0.005 
k = 10 
rho = 4000 
cp = 500 
qdot = 2e7 
T1 =0 
T2 = 100 



/* Initial Conditions: 

Tai = 25 
Tbi = 50 
Tci = 75 7 

/* Data Browser Results - Nodal 
temperatures at 45s 
Ta Tb Tc t 

99.5 149.3 149.5 45 7 

// Boundary Heat Fluxes - at t = 45s 

q"x0 = - k * (Taa - T1 ) / deltax - qdot 
* deltax / 2 

q"xL = k * (Tec - T2 ) / deltax + qdot * 
deltax 12 

//where Taa = Ta (45s), Tec = 

Tc(45s) 

Taa = 99.5 

Tec = 149.5 

/* Data Browser results 

q"x0 q"xL 

-2.49E5 1 .49E5 7 
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PROBLEM 5.96 

KNOWN: Solid cylinder of plastic material (a = 6 x 10~ 7 m 2 /s), initially at uniform temperature of T = 
20°C, insulated at one end (T 4 ), while other end experiences heating causing its temperature T 0 to increase 
linearly with time at a rate of a = l°C/s. 

FIND: (a) Finite-difference equations for the 4 nodes using the explicit method with Fo = 1/2 and (b) 
Surface temperature T 0 when T 4 = 35°C. 



SCHEMATIC: 

T 0 =T i+ at 
a = 1 °C/s 



7}(x<0) = 20 °C 
a = 6x1 0" 7 m 2 /s 




////////////////// ///////, 



To 



7 3 , T 4 f 

1 



/// ///-ttss. 




777777577/ 



\< >|Ax = 6 mm 

' — "X L=24 mm 

ASSUMPTIONS: (1) One-dimensional, transient conduction in cylinder, (2) Constant properties, and (3) 
Lateral and end surfaces perfectly insulated. 



ANALYSIS: (a) The finite-difference equations using the explicit method for the interior nodes (m = 1, 
2, 3) follow from Eq. 5.78 with Fo = 1/2, 



< =Fo(t£ +1+ t£_ 1 ) + (1-2Fo) T £ =0.5(t£ +1+ T^ 
From an energy balance on the control volume node 4 as shown above yields with Fo = 1/2 
E in - E out + E g = E st q a + q b + 0 = pcY (tP +1 - Tj 

0 + k (t 3 P - TP ) /Ax = pc ( Ax/2) ( T P +1 - TP ) jhx 

T| +1 = 2FoTP + (1 - 2Fo) T p = TP 



(1) 



(2) 



(b) Performing the calculations, the temperature-time history is tabulated below, where T 0 = T +a t where 
a = l°C/s and t = p-At with, 



Fo = a At/ 


1 Ax 2 =0.5 


At 


= 0.5(0.006m) 2 / 


/6xl0" 7 m 2 /s 


= 30s 




P 


t 


To 


Ti 


T 2 


T 3 


T 4 




(s) 


(°C) 


(°C) 


(°C) 


(°C) 


(°C) 


0 


0 


20 


20 


20 


20 


20 


1 


30 


50 


20 


20 


20 


20 


2 


60 


80 


35 


20 


20 


20 


3 


90 


110 


50 


27.5 


20 


20 


4 


120 


140 


68.75 


35 


23.75 


20 


5 


150 


170 


87.5 


46.25 


27.5 


23.75 


6 


180 


200 


108.1 


57.5 


35 


27.5 


7 


210 


230 








35 



When T 4 (210s, p = 7) = 35°C, find T 0 (210s) = 230°C. 
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PROBLEM 5.97 



KNOWN: Three-dimensional, transient conduction. 

FIND: Explicit finite difference equation for an interior node, stability criterion. 
SCHEMATIC: 

m, n + 1, q 



m, n, q - 1 



m - 1, n, q 




O m + 1, n, 



Ax = Ay = Az 



ASSUMPTIONS: (1) Constant properties, (2) Equal grid spacing in all three directions, (3) No 
heat generation. 

ANALYSIS: We begin with the three-dimensional form of the transient heat equation, Equation 
2.19 

1 dT d 2 T d 2 T d 2 T 



a dt dx 2 dy 2 dz 2 
The finite-difference approximation to the time derivative is given by Equation 5.74: 
5T 

At 



a 



_ m,n,q m,n,q 



m,n,q 



The spatial derivatives for the x- and y- directions are given by Equations 4.27 and 4.28, with an 
extra subscript q. By analogy, the z-direction derivative is approximated as 



d 2 T 



m,n,q 



T + T ?T 

m,n,q+l T A m,n,q-1 il m,n,q 

(Az) 2 



Evaluating the spatial derivatives at time step p for the explicit method, assuming Ax = Ay = Az, 
yields 



Continued... 
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PROBLEM 5.97 (Cont.) 



rpp+l ryp rpP ryP yry^ 

1 m,n,q m,n,q _ m+l,n,q m-l,n,q m,n,q 



a At (Ax) 2 

tP . t^P itP 

m,n+l,q m,n-l,q ^m.n.q 

(Ax) 2 

tP + tP 9T p 

m,n,q+l m,n,q-l ^^m.n.q 

(Ax) 2 

Solving for the nodal temperature at time step p+1 results in 

T p+1 = Fo(T p + T p + T p + T p + T p + T p 1 

m,n,q v m+l,n,q m-l,n,q m,n+l,q m,n-l,q m,n,q+l m.n.q-l'' 

+ (l-6Fo)T p Aq 

where Fo = aAt/(Ax) 2 . < 
The stability criterion is determined by the requirement that the coefficient of T£ nq > 0. Thus 

Fo < 1/6 < 



COMMENTS: These results could also have been obtained using the energy balance method 
applied to a control volume about the interior node. 
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PROBLEM 5.98 



KNOWN: Nodal point located at boundary between two materials A and B. 
FIND: Two-dimensional explicit, transient finite difference equation. 
SCHEMATIC: 



Ax = Ay 









q 2 


















» 


— ► 






1 














— ► 


i 






q 3 B 








q 4 







Ay 



Material A 
k A , p A , c A 



Material B 
^b> Pb> c b 



Ax 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) No heat generation, (3) Constant 
properties (different in each material). 



ANALYSIS: We perform an energy balance on the control volume around node 0. 

^in = E st 

iia + qm + ^3A + q3B + °n + q4 = E st)A + E st3 

Using q] A as an example, 

qiA = k A "^r^w = k A(Tt - T 0 )w/2 
Ax 2 

where w is the depth into the page. The quantities q iB , q3A, and q 3B can be found similarly. Then 
q2 is given by 

q 2 =k A -^--^Axw = k A (T 2 -T 0 )w 
Ay 

and similarly for q 4 . 

The storage term E st A is given by 

Ay T 0 P+1 - t 0 p 



E st,A = Pa c a Ax 



2 At 



and similarly for E st B . 

Putting all the terms together yields 



Continued. 
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PROBLEM 5.98 (Cont.) 



k 1 " 0 i lr 1 " 0 i k 3 " 0 i k 3 " 0 i 
2 2 2 2 

k A (T 2 - T 0 ) + k B (T 4 - T 0 ) = (p A c A + p B c B ) K 2 > 0 - 0 
Rearranging, we find 

T p +1 = (Fo A +Fo B ) (T p + T p } + FqaT p + FobT p + fl _ 2(Foa + FoB)]T p < 

where 

F„ A = -, Fo B = f 

(Pa c a + Pb c b)( Ax ) (Pa c a + P B c B )( Ax ) 

Note, that Fo A * a A At/(Ax) 2 . 

COMMENTS: Note that when the material properties are the same for materials A and B, the 
result agrees with Equation 5.76. 
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PROBLEM 5.99 



KNOWN: A 0. 12 m thick wall, with thermal diffusivity 1.5 x 10~ 6 m 2 /s, initially at a uniform 
temperature of 85°C, has one face suddenly lowered to 20°C while the other face is perfectly insulated. 

FIND: (a) Using the explicit finite-difference method with space and time increments of Ax = 30 mm 
and At = 300s, determine the temperature distribution within the wall 45 min after the change in surface 
temperature; (b) Effect of At on temperature histories of the surfaces and midplane. 



SCHEMATIC: 
A 



1 




T: = 85 °C 

a = 1.5x1 0" 6 m 2 /s 



T(L,0) = 20 °C 



f 



J 2 



J* 



T L = 20 °C 



L = 0.12 m 



Ax = 0.03 m 
At = 300 s, 75 s 

ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties. 

ANALYSIS: (a) The finite-difference equations for the interior points, nodes 0, 1,2, and 3, can be 
determined from Equation 5.78, 



T ^ +1 =Fo(TP_ 1+ TP +1 ) + (l-2Fo)TP 



(1) 



with 



Fo = oAt/Ax 2 = 1 .5 x 10" 6 m 2 /s x 300s/ (0.03 m) z = 1 / 2 . (2) 

Note that the stability criterion, Equation 5.79, Fo < 1/2, is satisfied. Hence, combining Equations (1) and 

(2), Tjn + ^ =1/ ^T^ j +T ] ^ + 2 j for m = 0, 1, 2, 3. Since the adiabatic plane at x = 0 can be treated as a 

symmetry plane, T m _i = T m+i for node 0 (m = 0). The finite-difference solution is generated in the table 
below using t - pAt - 300 p (s) = 5 p (min). 



p 


t(min) 


T 0 


Ti 


T 2 


T 3 


T L (°C) 


0 


0 


85 


85 


85 


85 


20 


1 




85 


85 


85 


52.5 


20 


2 


10 


85 


85 


68.8 


52.5 


20 


3 




85 


76.9 


68.8 


44.4 


20 


4 


20 


76.9 


76.9 


60.7 


44.4 


20 


5 




76.9 


68.8 


60.7 


40.4 


20 


6 


30 


68.8 


68.8 


54.6 


40.4 


20 


7 




68.8 


61.7 


54.6 


37.3 


20 


8 


40 


61.7 


61.7 


49.5 


37.3 


20 


9 


45 


61.7 


55.6 


49.5 


34.8 


20 



The temperature distribution can also be determined from the one-term approximation of the exact 
solution. The insulated surface is equivalent to the midplane of a wall of thickness 2L. Thus, 

at 1.5xl0" 6 m 2 /sx(45x60)s 
Fo = — = \ '— = 0.28 and Bi -> oo. 

L (0.12m) 2 



Continued... 
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PROBLEM 5.99 (Cont.) 



From Table 5.1, & = 1.5707, d = 1.2733. Then from Equation 5.41, 

0* = q exp(-^ 2 Fo) = 1.2733 exp(-1.5707 2 x 0.28) = 0.64 or 

T Q = T (0, t) = T^ + 0* (Tj - T^ ) = 20° C + 0.64(85 - 20)° C = 61. 5° C . 

This value shows excellent agreement with 61.7°C for the finite-difference method. 

(b) Using the IHT Finite-Difference Equation Tool Pad for One -Dimensional Transient Conduction, 
temperature histories were computed and results are shown for the insulated surface (TO) and the 
midplane, as well as for the chilled surface (TL). 

85 
75 

O 65 
I- 

S 55 



25 
15 

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 
Time, t(s) 

— e — TO, deltat = 75 s 
— A — T2, deltat = 75 s 
TL 

— x — TO, deltat - 300 s 
— i — T2, deltat = 300 s 

Apart from small differences during early stages of the transient, there is excellent agreement between 
results obtained for the two time steps. The temperature decay at the insulated surface must, of course, 
lag that of the midplane. 
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PROBLEM 5.100 



KNOWN: Thickness, initial temperature and thermophysical properties of molded plastic part. 
Convection conditions at one surface. Other surface insulated. 

FIND: Surface temperatures after one hour of cooling. 

SCHEMATIC: 



L = 60 mm 



A A 



T ro =20°C 
h = 100 W/m 2 -K 



10 



//\ 



Ax 

K- 
I 
I 
I 
I 
I 



6 mm 
N 



T 9 T 8 



T 2 



x <- 



I// 
. // 



To 



Plastic product, Tj = 80°C 



p= 1200 kg/m3 
c= 1500 J/kg-K 
k = 0.03 W/m-K 



ASSUMPTIONS: (1) One-dimensional conduction in product, (2) Negligible radiation, at cooled 
surface, (3) Negligible heat transfer at insulated surface, (4) Constant properties. 

ANALYSIS: Adopting the implicit scheme, the finite-difference equation for the cooled surface node 
is given by Eq. (5.93), from which it follows that 

(1 + 2 Fo + 2 FoBi)lf 0 +1 - 2Fo T<P +1 = 2 FoBi + 
The general form of the finite-difference equation for any interior node (1 to 9) is given by Eq. (5.94), 

(l + 2Fo) T P +1 -Fo(t£\ +C 1 1 ) = T m 

The finite-difference equation for the insulated surface node may be obtained by applying the 
symmetry requirement to Eq. (5.94); that is, T^ +1 = T^ j. Hence, 

(1 + 2 Fo) TP +1 - 2 Fo tP +1 = Tj 

For the prescribed conditions, Bi = hAx/k = 100 W/m 2 -K (0.006m)/0.30 W/m-K = 2. If the explicit 

method were used, the most restrictive stability requirement would be given by Eq. (5.84). Hence, for 

2 -7 2 

Fo (1+Bi) < 0.5, Fo < 0.167. With Fo = aAt/Ax and a = k/pc = 1.67 xlO m /s, the corresponding 

restriction on the time increment would be At < 36s. Although no such restriction applies for the 

implicit method, a value of At = 30s is chosen, and the set of 1 1 finite-difference equations is solved 

using the Tools option designated as Finite-Difference Equations, One-Dimensional, and Transient 

from the IHT Toolpad. At t = 3600s, the solution yields: 

T 10 (3600s) = 24. 1°C T 0 (3600s) = 71. 5°C < 

COMMENTS: (1) More accurate results may be obtained from the one-term approximation to the 
exact solution for one-dimensional, transient conduction in a plane wall. With Bi = hL/k = 20, Table 

5.1 yields C\ = 1-496 rad and Ci = 1.2699. With Fo = at/L 2 = 0.167, Eq. (5.41) then yields T 0 = T*, + 

(Tj - Too) C] exp (-^Foj = 72.4°C, and from Eq. (5.40b), T s = T^ + (Tj - TJ cos (^) = 24.5°C. 

Since the finite-difference results do not change with a reduction in the time step (At < 30s), the 
difference between the numerical and analytical results is attributed to the use of a coarse grid. To 
improve the accuracy of the numerical results, a smaller value of Ax should be used. 



Continued 
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PROBLEM 5.100 (Cont.) 

(2) Temperature histories for the front and back surface nodes are as shown. 




20 | I II II | I II II | I II II | I II II | I II II | II II 

0 600 1200 1800 2400 3000 3600 
Time (s) 

Insulated surface 

— •— Cooled surface 



Although the surface temperatures rapidly approaches that of the coolant, there is a significant lag in 
the thermal response of the back surface. The different responses are attributable to the small value of 
a and the large value of Bi. 
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PROBLEM 5.101 



KNOWN: Plane wall, initially at a uniform temperature T D = 25°C, has one surface (x = L) suddenly 
exposed to a convection process with = 50°C and h = 1000 W/m 2 -K, while the other surface (x = 0) is 
maintained at T Q . Also, the wall suddenly experiences uniform volumetric heating with q = 1 x 10 7 
W/m 3 . See also Problem 2.48. 

FIND: (a) Using spatial and time increments of Ax = 4 mm and At = Is, compute and plot the 
temperature distributions in the wall for the initial condition, the steady-state condition, and two 
intermediate times, and (b) On -t coordinates, plot the heat flux at x = 0 and x = L. At what elapsed 
time is there zero heat flux at x = L? 



SCHEMATIC: 




7(x, < 0) = Tj =T 0 = 25 °C 
k = 50 W/m-K 
a = 1.5x10" 6 m 2 /s 
q= 1x10 7 W/m 3 



L = 40 mm 



7^=50 °C 

h = 1000W/m 2 -K 



Ax = 4 mm 

ASSUMPTIONS: (1) One-dimensional, transient conduction and (2) Constant properties. 

ANALYSIS: (a) Using the IHT Finite-Difference Equations, One-Dimensional, Transient Tool, the 
temperature distributions were obtained and plotted below. 

(b) The heat flux, q" (L,t), can be expressed in terms of Newton's law of cooling, 

q;(L,t) = h(T 1 P 0 -T oo ). 

From the energy balance on the control volume about node 0 shown above, 

q^(0,t)+E g +q;=0 q^(0,t) = -q(Ax/2)-k(TP-T o )/Ax 

From knowledge of the temperature distribution, the heat fluxes are computed and plotted. 



120 




10 20 30 

Wall coordinate, x (mm) 

Initial condition, t<=0s 
Time = 60s 
Time = 120s 

Steady-state conditions, t>600s 



100000 



-1E5 




0 100 200 300 400 500 600 

Elapsed time, t(s) 

q"x(0,t) 

-*- q"x(L,t) 



COMMENTS: The steady-state analytical solution has the form of Eq. 3.40 where Ci = 6500 m-l/°C 

andC 2 = 25°C. Find (0,oo) = -3.25 xlO 5 W/m 2 and q^ (L) = +7.5xl0 4 W/m 2 . Comparing with 
the graphical results above, we conclude that steady-state conditions are not reached in 600 x. 
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PROBLEM 5.102 

KNOWN: Fuel element of Example 5.8 is initially at a uniform temperature of 250°C with 
no internal generation; suddenly a uniform generation, q = 10 W/m , occurs when the 
element is inserted into the core while the surfaces experience convection (Too,h). 
FIND: Temperature distribution 1.5s after element is inserted into the core. 
SCHEMATIC: 



Fuel element 

oc=5xW%*/s 
k = 30Wfm-K 



Coo/anf 

0 .2SO m C 

h = 1100W/m*K 




T(x,0)=Z56°C | 



L=10? 



ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties, (3) 
q = 0, initially; at t > 0, q is uniform. 

ANALYSIS: As suggested, the explicit method with a space increment of 2mm will be used. 
Using the nodal network of Example 5.9, the same finite-difference equations may be used. 



Interior nodes, m = 1, 2, 3, 4 



T P +1 =Fo 



TP T+TP 
m-1 m+1 



q(Ax)' 



+ (l-2Fo)TP. 



(1) 



Midplane node, m = 0 

Same as Eq. (1), but with T^ = T^ j. 
Surface node, m = 5 



T P+1 =2Fo 



TP + BiT 00 + 



q(Ax)- 
2k 



+ (l-2Fo-2Bi-Fo)TP. 



(2) 



The most restrictive stability criterion is associated with Eq. (2), Fo(l+Bi) < 1/2. Consider 
the following parameters: 

hAx 1 100 W/m 2 • K x (0.002m) 

Bi = — = ^ '- = 0.0733 

k 30W/mK 

Fo < , 1/2 : = 0.466 



(1 + Bi) 

Fo(Ax) 2 (0.002m) 2 
At< — i — = 0.466- V ' 



a 



5xl0" 6 m 2 /s 



= 0.373s. 



Continued 
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PROBLEM 5.102 (Cont.) 

To be well within the stability limit, select At = 0.3s, which corresponds to 



«At 5x10 6 m 2 /sx0.3s 



Fo = 

Ax z (0.002m)' 
t = pAt = 0.3p(s). 



= 0.375 



Substituting numerical values with q = 10 W/m , the nodal equations become 



TP +1 =0.375 



T p+1 _ 
T p+1 _ 



T p+1 _ 
T p+1 _ 



T p+1 



0.375 
0.375 
0.375 
0.375 
0.375 
2x0.375 
0.750 



2Tj P + 10 s W/m J (0.002mf / 30W/m • K + (l - 2 x 0.375) 
2Tj P +13.33 



+ 0.25 



TP+TP +13.33 
TP+TP +13.33 



TP+TP +13.33 
Tf+xP +13.33 



+ 0.25 
+ 0.25 T| 



+ 0.25 TP 



+ 0.25 



(3) 
(4) 
(5) 
(6) 
(7) 



T? +0.0733x250 + 



13.33 



+ (l-2x 0.375- 2 x 0.0733 x 0.375) T| 



+ 24.99 



+ 0.195 Tf. 



(8) 



The initial temperature distribution is Ti = 250°C at all nodes. The marching solution, 
following the procedure of Example 5.9, is represented in the table below. 



p 


t(s) 


T 0 


Ti 


T 2 


T 3 


T 4 


T 5 (°C) 


0 


0 


250 


250 


250 


250 


250 


250 


1 


0.3 


255.00 


255.00 


255.00 


255.00 


255.00 


254.99 


2 


0.6 


260.00 


260.00 


260.00 


260.00 


260.00 


259.72 


3 


0.9 


265.00 


265.00 


265.00 


265.00 


264.89 


264.39 


4 


1.2 


270.00 


270.00 


270.00 


269.96 


269.74 


268.97 


5 


1.5 


275.00 


275.00 


274.98 


274.89 


274.53 


273.50 



The desired temperature distribution T(x, 1.5s), corresponds to p = 5. 

COMMENTS: Note that the nodes near the midplane (0,1) do not feel any effect of the 
coolant during the first 1.5s time period. 
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PROBLEM 5.103 



KNOWN: Conditions associated with heat generation in a rectangular fuel element with surface 
cooling. See Example 5.9. 

FIND: (a) The temperature distribution 1.5 s after the change in operating power; compare your 
results with those tabulated in the example, (b) Calculate and plot temperature histories at the mid- 
plane (00) and surface (05) nodes for 0< t < 400 s; determine the new steady-state temperatures, and 
approximately how long it will take to reach the new steady-state condition after the step change in 
operating power. Use the IHT Tools I Finite-Difference Equations I One-Dimensional I Transient 
conduction model builder as your solution tool. 

SCHEMATIC: 



Symmetry 
adiabat 



00 01 



6 



02 



03 04 05 



Tqd = 250°C 

h = 1100 W/m 2 -K 



ft 



Coolan 



U x 



I 

L = 10 mm 



Fuel element 

q-i = 1x10 7 W/m 3 
q 2 = 2x1 0 7 W/m 3 
a = 5x1 0" 6 m 2 /s 
k = 30 W/m-K 



ASSUMPTIONS: (1) One dimensional conduction in the x-direction, (2) Uniform generation, and (3) 
Constant properties. 

ANALYIS: The IHT model builder provides the transient finite-difference equations for the implicit 
method of solution. Selected portions of the IHT code used to obtain the results tabulated below are 
shown in the Comments. 

(a) Using the IHT code, the temperature distribution (°C) as a function of time (s) up to 1.5 s after the 
step power change is obtained from the summarized results copied into the workspace 





t 


TOO 


T01 


T02 


T03 


T04 


T05 


1 


0 


357.6 


356.9 


354.9 


351.6 


346.9 


340.9 


2 


0.3 


358.1 


357.4 


355.4 


352.1 


347.4 


341.4 


3 


0.6 


358.6 


357.9 


355.9 


352.6 


347.9 


341.9 


4 


0.9 


359.1 


358.4 


356.4 


353.1 


348.4 


342.3 


5 


1.2 


359.6 


358.9 


356.9 


353.6 


348.9 


342.8 


6 


1.5 


360.1 


359.4 


357.4 


354.1 


349.3 


343.2 



(b) Using the code, the mid-plane (00) and surface (05) node temperatures are plotted as a function of 
time. 



o 



CD 

■ — 

CD 
Cl 



480 



440 



400 



360 



320 



Temperature history after step change in power 




100 200 

Time, t (s) 



400 



TOO, Mid-plane, x = 0 

-•— T05, Surface, x= L 



Continued 
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PROBLEM 5.103 (Cont.) 



Note that at t « 240 s, the wall has nearly reached the new steady-state condition for which the nodal 
temperatures (°C) were found as: 

TOO T01 T02 T03 T04 T05 
465 463.7 459.7 453 443.7 431.7 

COMMENTS: (1) Can you validate the new steady-state nodal temperatures from part (b) by 
comparison against an analytical solution? 

(2) Will using a smaller time increment improve the accuracy of the results? Use your code with At = 
0.15 s to justify your explanation. 

(3) Selected portions of the IHT code to obtain the nodal temperature distribution using spatial and 
time increments of Ax = 2 mm and At = 0.3 s, respectively, are shown below. For the solve- 
integration step, the initial condition for each of the nodes corresponds to the steady-state temperature 
distribution with qi . 

// Tools | Finite-Difference Equations | One-Dimensional | Transient 

/* Node 00: surface node (w-orientation); transient conditions; e labeled 01. */ 

rho * cp * der(T00,t) = fd_1d_sur_w(T00,T01 ,k,qdot,deltax,Tinf01 ,h01 ,q"a00) 

q"a00 = 0 // Applied heat flux, W/m A 2; zero flux shown 

Tinf01 = 20 // Arbitrary value 

h01 = 1e-8 // Causes boundary to behave as adiabatic 

/* Node 01 : interior node; e and w labeled 02 and 00. 7 

rho*cp*der(T01 ,t) = fd_1d_int(T01,T02,T00,k,qdot,deltax) 

/* Node 02: interior node; e and w labeled 03 and 01 . 7 

rho*cp*der(T02,t) = fd_1d_int(T02,T03,T01 ,k,qdot,deltax) 

/* Node 03: interior node; e and w labeled 04 and 02. 7 

rho*cp*der(T03,t) = fd_1d_int(T03,T04,T02,k,qdot,deltax) 

/* Node 04: interior node; e and w labeled 05 and 03. 7 

rho*cp*der(T04,t) = fd_1d_int(T04,T05,T03,k,qdot,deltax) 

/* Node 05: surface node (e-orientation); transient conditions; w labeled 04. 7 

rho * cp * der(T05,t) = fd_1d_sur_e(T05,T04,k,qdot,deltax,Tinf05,h05,q"a05) 

q"a05 = 0 // Applied heat flux, W/m A 2; zero flux shown 

Tinf05 = 250 // Coolant temperature, C 

h05 = 1 100 // Convection coefficient, W/m A 2.K 

// Input parameters 

qdot = 2e7 // Volumetric rate, W/m A 3, step change 

deltax = 0.002 // Space increment 

k = 30 // Thermophysical properties 

alpha = 5e-6 

rho = 1000 

alpha = k / (rho * cp) 

/* Steady-state conditions, with qdotl = 1e7 W/m A 3; initial conditions for step change 
T_x = 1 6.67 * (1 - x A 2/L A 2) + 340.91 // See text 

Seek T_x for x = 0, 2, 4, 6, 8, 10 mm; results used for Ti are 
Node T_x 

00 357.6 

01 356.9 

02 354.9 

03 351.6 

04 346.9 

05 340.9 7 
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PROBLEM 5.104 



KNOWN: Conditions associated with heat generation in a rectangular fuel element with surface 
cooling. See Example 5.9. 

FIND: (a) The temperature distribution 1.5 s after the change in the operating power; compare results 
with those tabulated in the Example, and (b) Plot the temperature histories at the midplane, x = 0, and 
the surface, x = L, for 0 < t < 400 s; determine the new steady-state temperatures, and approximately 
how long it takes to reach this condition. Use the finite-element software FEHT as your solution tool. 



SCHEMATIC: 



Symmetry 
adiabat 



T(x, 0) = T 1 (x,q 1 ) 

To, = 250°C 
h = 1100 W/m 2 -K 



u 



L= 10 mm 



tt 



Fuel element 

q-i = 1x10 7 W/m 3 
q 2 = 2x10 7 W/m 3 
a = 5x1 0" 6 m 2 /s 
k = 30 W/m-K 



Coolan 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Uniform generation, (3) 
Constant properties. 

ANALYSIS: Using FEHT, an outline of the fuel element is drawn of thickness 10 mm in the x- 
direction and arbitrary length in the y-direction. The boundary conditions are specified as follows: on 
the y-planes and the x = 0 plane, treat as adiabatic; on the x = 10 mm plane, specify the convection 
option. Specify the material properties and the internal generation with dj . In the Setup menu, click 
on Steady-state, and then Run to obtain the temperature distribution corresponding to the initial 
temperature distribution, Tj (x,0) = T(x,uj ), before the change in operating power to q_2- 

Next, in the Setup menu, click on Transient; in the Specify I Internal Generation box, change the value 
to 0,2; and in the Run command, click on Continue (not Calculate). 

(a) The temperature distribution 1.5 s after the change in operating power from the FEHT analysis and 
from the FDE analysis in the Example are tabulated below. 

x/L 0 0.2 0.4 0.6 0.8 1.0 

T(x/L, 1.5 s) 

FEHT (°C) 360.1 359.4 357.4 354.1 349.3 343.2 

FDE(°C) 360.08 359.41 357.41 354.07 349.37 343.27 

The mesh spacing for the FEHT analysis was 0.5 mm and the time increment was 0.005 s. For the 
FDE analyses, the spatial and time increments were 2 mm and 0.3 s. The agreement between the 
results from the two numerical methods is within 0.1 °C. 



(b) Using the FEHT code, the temperature histories at the mid-plane (x = 0) and the surface (x = L) are 
plotted as a function of time. 
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PROBLEM 5.104 (Cont) 



Temperature history after step change in power 
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From the distribution, the steady-state condition (based upon 98% change) is approached in 215 s. 
The steady-state temperature distributions after the step change in power from the FEHT and FDE 
analysis in the Example are tabulated below. The agreement between the results from the two 
numerical methods is within 0.1 °C 



x/L 



0 



0.2 



0.4 



0.6 



0.8 



1.0 



T(x/L, oo) 
FEHT (°C) 
FDE (°C) 



465.0 
465.15 



463.7 
463.82 



459.6 
459.82 



453.0 
453.15 



443.6 
443.82 



431.7 
431.82 



COMMENTS: (1) For background information on the Continue option, see the Run menu in the 
FEHT Help section. Using the Run/Calculate command, the steady-state temperature distribution was 
determined for the qi operating power. Using the RunlContinue command (after re-setting the 
generation to q2 and clicking on Setup I Transient), this steady-state distribution automatically 
becomes the initial temperature distribution for the q2 operating power. This feature allows for 

conveniently prescribing a non-uniform initial temperature distribution for a transient analysis (rather 
than specifying values on a node-by-node basis). 

(2) Use the View I Tabular Output command to obtain nodal temperatures to the maximum number of 
significant figures resulting from the analysis. 

(3) Can you validate the new steady-state nodal temperatures from part (b) (with q2, t — > oo) by 
comparison against an analytical solution? 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.105 



KNOWN: Thickness, initial temperature, speed and thermophysical properties of steel in a thin-slab 
continuous casting process. Surface convection conditions. 

FIND: Time required to cool the outer surface to a prescribed temperature. Corresponding value of 
the midplane temperature and length of cooling section. 



SCHEMATIC: 



Water jets 

Too=50°C 
h = 5000 W/m 2 -K 



L = 100 mm 



I 



Ax = 10 mm 
fc H 



t 



10 



y/ \ To 

/A 



t 



T 8 



V = 15 mm/s 



T 2 



x <- 



if i t ° 



Cast steel, Ti = 1400°C 



Symmetry plane 

p = 7800 kg/m3 
c = 700 J/kg-K 
k = 30 W/m-K 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible radiation at quenched surfaces, (3) 
Symmetry about the midplane, (4) Constant properties. 

ANALYSIS: Adopting the implicit scheme, the finite-difference equation for the cooled surface node 
is given by Eq. (5.93), from which it follows that 

(1 + 2 Fo + 2 FoBi) T 1 p 0 +1 - 2 Fo T<P +1 = 2 FoBi T^ + 1* 

The general form of the finite-difference equation for any interior node (1 to 9) is given by Eq. (5.94), 

(1 + 2Fo)tP +1 -Fo(tP + _ 1 1+ tP + + 1 1 ) = T P 

The finite-difference equation for the midplane node may be obtained by applying the symmetry 
requirement to Eq. (5.94); that is, T^ +1 = T^,. Hence, 

(l + 2Fo)TP +1 -2FoTP +1 =TP 

For the prescribed conditions, Bi = hAx/k = 5000 W/m 2 -K (0.010m)/30 W/m-K = 1.67. If the explicit 

method were used, the stability requirement would be given by Eq. (5.84). Hence, for Fo(l + Bi) < 

2 6 2 

0.5, Fo < 0.187. With Fo = aAt/Ax and a = k/pc = 5.49 x 10 m /s, the corresponding restriction on 

the time increment would be At < 3.40s. Although no such restriction applies for the implicit method, 

a value of At = Is is chosen, and the set of 1 1 finite-difference equations is solved using the Tools 

option designated as Finite-Difference Equations, One-Dimensional and Transient from the IHT 

Toolpad. For Tio (t) = 300°C, the solution yields 

t = 161s < 



Continued 
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PROBLEM 5.105 (Cont.) 



T 0 (t) = 1364°C < 
With a casting speed of V = 15 mm/s, the length of the cooling section is 

L cs =Vt = 0.015m/s(l61s) = 2.42m < 

COMMENTS: (1) With Fo = at/L 2 = 0.088 < 0.2, the one-term approximation to the exact solution 
for one-dimensional conduction in a plane wall cannot be used to confirm the foregoing results. 
However, using the exact solution from the Models, Transient Conduction, Plane Wall Option of IHT, 

values of To = 1366°C and T s = 200.7°C are obtained and are in good agreement with the finite- 
difference predictions. The accuracy of these predictions could still be improved by reducing the 
value of Ax. 

(2) Temperature histories for the surface and midplane nodes are plotted for 0 < t < 600s. 



1500 




100 -I — I — | — I — | — T r I T * P 

0 100 200 300 400 500 600 
Time (s) 



Midplane 

— •— Cooled surface 



While Tio (600s) = 124°C, T G (600s) has only dropped to 879°C. The much slower thermal 
response at the midplane is attributable to the small value of a and the large value of Bi = 
16.67. 
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PROBLEM 5.106 

KNOWN: Very thick plate, initially at a uniform temperature, Tj, is suddenly exposed to a 
convection cooling process (Too,h). 

FIND: Temperatures at the surface and a 45mm depth after 3 minutes using finite-difference 
method with space and time increments of 15mm and 18s. 

SCHEMATIC: 



T m ~l5 B C t 

h=100W/m*-K 



A A 





■Thick plaie 
T,=32SX 
oc=5.6xlO~ 6 7n*/* 
k=20W/m-K 



AAA 




A.t=I8sec 



ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Plate approximates semi- 
infinite medium, (3) Constant properties. 

ANALYSIS: The grid network representing the plate is shown above. The finite-difference 
equation for node 0 is given by Eq. 5.87 for one-dimensional conditions or Eq. 5.82, 



TP +1 =2 Fohf + Bi-T 00 J + (l-2 Fo-2 Bi-Fo)^. 



(1) 



The numerical values of Fo and Bi are 
Fo 



aAt 5.6x10 6 m 2 /sxl8s 



Bi = 



Ax' 



hAx 



(0.015m)' 



0.448 



100 W/m 2 -Kx(l5xl0" 3 m 



= 0.075. 



k 20W/m-K 

Recognizing that T^ = 15°C, Eq. (1) has the form 

TP +1 =0.0359 TP +0.897 +1.01. 

It is important to satisfy the stability criterion, Fo (1+Bi) < 1/2. Substituting values, 
0.448 (1+0.075) = 0.482 < 1/2, and the criterion is satisfied. 

The finite-difference equation for the interior nodes, m = 1, 2. . ., follows from Eq. 5.78, 

Recognizing that the stability criterion, Fo < 1/2, is satisfied with Fo = 0.448, 
TP +1 =0.448(tP +1 +tP. 1 ) + 0.104TP. 

Continued . . . 



(2) 



(3) 
(4) 
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PROBLEM 5.106 (Cont.) 

The time scale is related to p, the number of steps in the calculation procedure, and At, the 
time increment, 

t = pAt. (5) 

The finite-difference calculations can now be performed using Eqs. (2) and (4). The results 
are tabulated below. 



p 


t(s) 


T 0 


Ti 


T 2 


T 3 


T 4 


T 5 


T 6 


T 7 (K) 


0 


0 


325 


325 


325 


325 


325 


325 


325 


325 


1 


18 


304.2 


324.7 


325 


325 


325 


325 


325 


325 


2 


36 


303.2 


315.3 


324.5 


325 


325 


325 


325 


325 


3 


54 


294.7 


313.7 


320.3 


324.5 


325 


325 


325 


325 


4 


72 


293.0 


307.8 


318.9 


322.5 


324.5 


325 


325 


325 


5 


90 


287.6 


305.8 


315.2 


321.5 


323.5 


324.5 


325 


325 


6 


108 


285.6 


301.6 


313.5 


319.3 


322.7 


324.0 


324.5 


325 


7 


126 


281.8 


299.5 


310.5 


317.9 


321.4 


323.3 


324.2 




8 


144 


279.8 


296.2 


308.6 


315.8 


320.4 


322.5 






9 


162 


276.7 


294.1 


306.0 


314.3 


319.0 








10 


180 


274.8 


291.3 


304.1 


312.4 











Hence, find 

T(0, 180s) = Tq° =275°C T(45mm, 180s) = Tj 0 =312°C. < 

COMMENTS: (1) The above results can be readily checked against the analytical solution 
represented in Fig. 5.8 (see also Eq. 5.60). For x = 0 and t = 180s, find 
x 



2[a tj 



h(« t) 1/2 100 W/m 2 -K(5.60x 10" 6 m 2 /sx 180s j 



1/2 

= 0.16 



k 20W/m-K 
for which the figure gives 
T-T 

-^- = 0.15 
Too-Ti 

so that, 

T(0, 180s) = 0.15(T oo -T i ) + T i =0.15(15-325)°C + 325°C 
T(0, 180s) = 278°C. 

For x = 45mm, the procedure yields T(45mm, 180s) = 316°C. The agreement with the 
numerical solution is nearly within 1%. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.107 



KNOWN: Sudden exposure of the surface of a thick slab, initially at a uniform temperature, 
to convection and to surroundings at a high temperature. 

FIND: (a) Explicit, finite-difference equation for the surface node in terms of Fo, Bi, Bi r , (b) 
Stability criterion; whether it is more restrictive than that for an interior node and does it 
change with time, and (c) Temperature at the surface and at 30mm depth for prescribed 
conditions after 1 minute exposure. 



SCHEMATIC: 



B3 





*(o)=27*O300K 



Part(C}-fhescribed conditions 



ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Thick slab may be 
approximated as semi-infinite medium, (3) Constant properties, (4) Radiation exchange is 
between small surface and large surroundings. 

ANALYSIS: (a) The explicit form of the FDE for 
the surface node may be obtained by applying an 
energy balance to a control volume about the node. 

Ein ~~ E OU ); = q conv + q r ad + Qcond = E s t 



hL-TP+LT, 



l sur 



T p _ T p 

•TPi + k-l--^— ± 
Ax 




pc 



Ax 



■1 



p+1 p 
A o 1 o 



At 



(1) 



where the radiation process has been linearized, Eq. 1.8. (See also Comment 4, Example 5.10), 

r - -a > 



h r =hf T 0 P,T 



l sur 



■«nTo +T sur 



T p 



+ T 



sur 



Divide Eq. (1) by pcAx/2At and regroup using these definitions to obtain the FDE: 

Bi = hAx/k 



Bi r - h r Ax/k 



Fo = (k/pc) At/Ax 2 
T p+ 1 = 2Fo (Bi • ^ + Bi r ■ T sur + Tj P J + (l - 2 Bi • Fo - 2Bi r • Fo - 2Fo) T p . 



(2) 

(3,4,5) 
(6)< 



(b) The stability criterion for Eq. (6) requires that the coefficient of Tq be positive. 

l-2Fo(Bi + Bi r +l)>0 or Fo<l/2(Bi + Bi r +l). (7) < 

The stability criterion for an interior node, Eq. 5.79, is Fo < 1/2. Since Bi + Bi r > 0, the 
stability criterion of the surface node is more restrictive. Note that Bi r is not constant but 
depends upon h r which increases with increasing T<P (time). Hence, the restriction on Fo 

increases with increasing Tq (time). 

Continued 
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PROBLEM 5.107 (Cont.) 

(c) Consider the prescribed conditions with negligible convection (Bi = 0). The FDEs for the 
thick slab are: 

Surface (0) T% +1 = 2Fo ^Bi • Fo + Bi r • T sur + T p J + (l - 2Bi • Fo - 2Bi r • Fo - 2Fo) T| (8) 

Interior (m>l) TP +1 =Fo(tP +1 +tP_ 1 ) + (1-2Fo)tP (9,5,7,3) 

The stability criterion from Eq. (7) with Bi = 0 is, 

Fo< 1/2(1 + Bi r ) (10) 

To proceed with the explicit, marching solution, we need to select a value of At (Fo) that will 
satisfy the stability criterion. A few trial calculations are helpful. A value of At = 15s 

provides Fo = 0.105, and using Eqs. (2) and (5), h r (300K, 1000K) = 72.3 W/m 2 K and Bi r = 
0.482. From the stability criterion, Eq. (10), find Fo < 0.337. With increasing T<P, h r and Bi r 
increase: h r (800K, 1000K) = 150.6 W/m 2 K, Bi r = 1.004 and Fo < 0.249. Hence, if 
T^ < 800K, At = 15s or Fo = 0.105 satisfies the stability criterion. 

Using At = 15s or Fo = 0.105 with the FDEs, Eqs. (8) and (9), the results of the solution are 
tabulated below. Note how h P and Bi P are evaluated at each time increment. Note that t = 
p-At, where At = 15s. 

p t(s) T Q /hj?/Bi r T1(K) T 2 T 3 T 4 .... 

0 0 300 300 300 300 300 

72.3 
0.482 

1 15 370.867 300 300 300 300 

79.577 
0.5305 

2 30 426.079 307.441 300 300 300 

85.984 
0.5733 

3 45 470.256 319.117 300.781 300 300 

91.619 
0.6108 

4 60 502.289 333.061 302.624 300.082 300 

After 60s(p = 4), T o (0, 1 min) = 502.3K and T 3 (30mm, 1 min) = 300. IK. < 

COMMENTS: (1) The form of the FDE representing the surface node agrees with Eq. 5.87 
if this equation is reduced to one-dimension. 

(2) We should recognize that the At = 15s time increment represents a coarse step. To 
improve the accuracy of the solution, a smaller At should be chosen. 
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PROBLEM 5.108 



KNOWN: Thick slab of copper, initially at a uniform temperature, is suddenly exposed to a constant 
net radiant flux at one surface. See Example 5.10. 

FIND: (a) The nodal temperatures at nodes 00 and 04 at t = 120 s; that is, T00(0, 120 s) and T04(0.15 
m, 120 s); compare results with those given by the exact solution in Comment 1; will a time increment 
of 0. 12 s provide more accurate results?; and, (b) Plot the temperature histories for x = 0, 150 and 600 
mm, and explain key features of your results. Use the IHT Tools I Finite-Difference Equations I One- 
Dimensional I Transient conduction model builder to obtain the implicit form of the FDEs for the 
interior nodes. Use space and time increments of 37.5 mm and 1.2 s, respectively, for a 17-node 
network. For the surface node 00, use the FDE derived in Section 2 of the Example. 

SCHEMATIC: 



qo= 3x10 5 W/m 2 
► 



00 01 02 14 15 16 



V 



L-»X 



Ax = 37.5 mm 
At = 1 .2 s 

T(x, 0) = Ti = 20°C 
k = 401 W/m-K 
a = 117x10" 6 m 2 /s 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Slab of thickness 600 mm 
approximates a semi-infinite medium, and (3) Constant properties. 

ANALYSIS: The IHT model builder provides the implicit-method FDEs for the interior nodes, 01 - 
15. The +x boundary condition for the node-16 control volume is assumed adiabatic. The FDE for the 
surface node 00 exposed to the net radiant flux was derived in the Example analysis. Selected portions 
of the IHT code used to obtain the following results are shown in the Comments. 

(a) The 00 and 04 nodal temperatures for t = 120 s are tabulated below using a time increment of At = 
1.2 s and 0.12 s, and compared with the results given from the exact analytical solution, Eq. 5.59. 

Node FDE results (°C) Analytical result (°C) 

At = 1.2 s At = 0.12 s Eq. 5.59 

00 119.3 119.4 120.0 

04 45.09 45.10 45.4 



The numerical FDE-based results with the different time increments agree quite closely with one 
another. At the surface, the numerical results are nearly 1 °C less than the result from the exact 
analytical solution. This difference represents an error of-l%(-l°C/ (120 - 20 ) °C x 100). At the 
x = 150 mm location, the difference is about -0.4 °C, representing an error of -1.5%. For this 
situation, the smaller time increment (0. 12 s) did not provide improved accuracy. To improve the 
accuracy of the numerical model, it would be necessary to reduce the space increment, in addition to 
using the smaller time increment. 

(b) The temperature histories for x = 0, 150 and 600 mm (nodes 00, 04, and 16) for the range 0 < t < 
150 s are as follows. 



Continued 
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PROBLEM 5.108 (Cont.) 



Temperature histories for Nodes 00, 04, and 1 6 




0 50 100 150 



Time, t (s) 

TOO = T(0,t) 

-•- T04 = T(150mm,t) 
TOO = T(600 mm,t) 

As expected, the surface temperature, TOO = T(0,t), increases markedly at early times. As thermal 
penetration increases with increasing time, the temperature at the location x = 150 mm, T04 = T(150 
mm, t), begins to increase after about 20 s. Note, however, the temperature at the location x = 600 
mm, T16 = T(600 mm, t), does not change significantly within the 150 s duration of the applied 
surface heat flux. Our assumption of treating the +x boundary of the node 16 control volume as 
adiabatic is justified. A copper plate of 600-mm thickness is a good approximation to a semi-infinite 
medium at times less than 150 s. 



COMMENTS: Selected portions of the IHT code with the nodal equations to obtain the temperature 
distribution are shown below. Note how the FDE for node 00 is written in terms of an energy balance 
using the der (T,t) function. The FDE for node 16 assumes that the "east" boundary is adiabatic. 



// Finite-difference equation, node 00; from Examples solution derivation; implicit method 

q"o + k * (T01 - TOO) / deltax = rho * (deltax / 2) *cp * der (T00,t) 

// Finite-difference equations, interior nodes 01-15; from Tools 

/* Node 01 : interior node; e and w labeled 02 and 00. 7 
rho*cp*der(T01 ,t) = fd_1d_int(T01,T02,T00,k,qdot,deltax) 
rho*cp*der(T02,t) = fd_1d_int(T02,T03,T01 ,k,qdot,deltax) 



rho*cp*der(T14,t) = fd_1d_int(T14,T15,T13,k,qdot,deltax) 
rho*cp*der(T15,t) = fd_1d_int(T15,T16,T14,k,qdot,deltax) 

// Finite-difference equation node 16; from Tools, adiabatic surface 

/* Node 16: surface node (e-orientation); transient conditions; w labeled 15. */ 
rho * cp * der(T16,t) = fd_1d_sur_e(T16,T15,k,qdot,deltax,Tinf16,h16,q"a16) 
q"a16 = 0 // Applied heat flux, W/m A 2; zero flux shown 

Tint 1 6 = 20 // Arbitrary value 

hi 6 = 1 e-8 // Causes boundary to behave as adiabatic 
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PROBLEM 5.109 



KNOWN: Thick slab of copper as treated in Example 5.10, initially at a uniform temperature, is 
suddenly exposed to large surroundings at 1000°C (instead of a net radiant flux). 

FIND: (a) The temperatures T(0, 120 s) and T(0.15 m, 120s) using the finite-element software FEHT 
for a surface emissivity of 0.94 and (b) Plot the temperature histories for x = 0, 150 and 600 mm, and 
explain key features of your results. 

SCHEMATIC: 




Te„ r = 1000°C 



s = 0.94 



L->X 



T(x, 0) = Tj = 20°C 

p = 8933 kg/m 3 
c = 385 J/kg-K 
k = 401 W/m-K 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Slab of thickness 600 mm 
approximates a semi-infinite medium, (3) Slab is small object in large, isothermal surroundings. 

ANALYSIS: (a) Using FEHT, an outline of the slab is drawn of thickness 600 mm in the x-direction 
and arbitrary length in the y-direction. Click on Setup I Temperatures in K, to enter all temperatures in 
kelvins. The boundary conditions are specified as follows: on the y-planes and the x = 600 mm plane, 
treat as adiabatic; on the surface (0,y), select the convection coefficient option, enter the linearized 
radiation coefficient after Eq. 1 .9 written as 

0.94 * 5.67e-8 * (T + 1273) * (T A 2 + 1273 A 2) 

and enter the surroundings temperature, 1273 K, in the fluid temperature box. See the Comments for a 
view of the input screen. From ViewlTemperatures, find the results: 



T(0, 120 s) = 339 K = 66°C T(150 mm, 120 s) = 305K = 32°C < 

(b) Using the View I Temperatures command, the temperature histories for x = 0, 150 and 600 mm (10 
mm mesh, Nodes 18, 23 and 15, respectively) are plotted. As expected, the surface temperature 
increases markedly at early times. As thermal penetration increases with increasing time, the 
temperature at the location x = 150 mm begins to increase after about 30 s. Note, however, that the 
temperature at the location x = 600 mm does not change significantly within the 150 s exposure to the 
hot surroundings. Our assumption of treating the boundary at the x = 600 mm plane as adiabatic is 
justified. A copper plate of 600 mm is a good approximation to a semi-infinite medium at times less 
than 150 s. 

Continued 
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PROBLEM 5.109 (Cont) 



Temperature history after sudden exposure to surroundings 



2. 

3 

[i 320.0 
01 

a. 
E 

<u 

H 

310.0 





















- 


Surface 


, x = 0, node 18 






















x= 150 mm, node ; 












>: = 600 mm, node 15 









18 

23 
15 



Time [sec] 



COMMENTS: The annotated Input screen shows the outline of the slab, the boundary conditions, 
and the triangular mesh before using the Reduce-mesh option. 



Slab outline, coarse triangular mesh 



Adiabatic BC 



Linearized rad coeff 

(Tf= 1273K.eps = 0.94) 
i \ 

o Node 18 




o Node 23 



Adiabatic BC 
I 

Node 15 o 



x = 0 



x = 150 mm Adiabatic BC 



x = 600 mm 
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PPROBLEM 5.110 



KNOWN: Electric heater sandwiched between two thick plates whose surfaces experience 
convection. Case 2 corresponds to steady-state operation with a loss of coolant on the x = -L surface. 
Suddenly, a second loss of coolant condition occurs on the x = +L surface, but the heater remains 
energized for the next 15 minutes. Case 3 corresponds to the eventual steady-state condition following 
the second loss of coolant event. See Problem 2.53. 



FIND: Calculate and plot the temperature time histories at the plate locations x = 0, ±L during the 
transient period between steady-state distributions for Case 2 and Case 3 using the finite-element 
approach with FEHT and the finite-difference method of solution with IHT (Ax = 5 mm and At = 1 s). 

SCHEMATIC: 



T ro = 20°C 

h = 400 W/m 2 -K 




Electric heater 
q" 0 = 4000 W/m 2 

■ Plates 



- L 



+L = 25 mm 




Case 3, T 3 (x) 
Case 2, T 2 (x) 



Case 1, T-i(x) 
T^O) = 35°C 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Heater has negligible 
thickness, and (4) Negligible thermal resistance between the heater surfaces and the plates. 

PROPERTIES: Plate material (given); p = 2500 kg/m 3 , c = 700 J/kg-K, k = 5 W/m-K. 

ANALYSIS: The temperature distribution for Case 2 shown in the above graph represents the initial 

condition for the period of time following the second loss of coolant event. The boundary conditions 

2 

at x = ±L are adiabatic, and the heater flux is maintained at = 4000 W/m for 0 < t < 15 min. 

Using FEHT, the heater is represented as a plate of thickness = 0.5 mm with very low thermal 
capacitance (p = 1 kg/m and c = 1 J/kg-K), very high thermal conductivity (k= 10,000 W/m-K), and a 

uniform volumetric generation rate of q = / L h = 4000 W/m / 0.0005 m = 8.0 x 10 W/m for 0 < t < 

900 s. In the Specify I Generation box, the generation was prescribed by the lookup file (see FEHT 
Help): 'hfvst',l,2,Time. This Notepad file is comprised of four lines, with the values on each line 
separated by a single tab space: 



0 8e6 

900 8e6 

901 0 
5000 0 



The temperature-time histories are shown in the graph below for the surfaces x = - L (lowest curve, 
13) and x = +L (19) and the center point x = 0 (highest curve, 14). The center point experiences the 
maximum temperature of 89°C at the time the heater is deactivated, t = 900 s. 



Continued 
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PROBLEM 5.110 (Cont) 



For the finite-difference method of solution, the nodal arrangement for the system is shown below. 
The IHT model builder Tools I Finite-Difference Equations I One Dimensional can be used to obtain 
the FDEs for the internal nodes (02-04, 07-10) and the adiabatic boundary nodes (01, 1 1). 




01 



Heater, q£ = 4000 W/m 2 , 0*t* 900 s 



Egen = qo (0*t*toff) 



02 04 06 

03 05 



08 10 
07 09 



K— 

-L Ax = 5 mm 

Nodal arrangement, FDE solution 



^Case 2 

•I 

11 



+L 



'05 



06 



'07 



— H Ax je— 
Control volume, node 06 



For the heater-plate interface node 06, the FDE for the implicit method is derived from an energy 
balance on the control volume shown in the schematic above. 



^m 



^out ^gen ~~ ^st 



q^ + q b+ q 0 =E^ t 



^p+1 _ T p+l 



l 05 



l 06 



^p+1 _ T p+l 



Ax 



+ k 



l 07 



Ax 



T p+1 _ T p 

06 +q 0 =pcAx-^ ^ 

At 



The IHT code representing selected nodes is shown below for the adiabatic boundary node 01, interior 
node 02, and the heater-plates interface node 06. Note how the foregoing derived finite-difference 
equation in implicit form is written in the IHT Workspace. Note also the use of a Lookup Table for 
representing the heater flux vs. time. 
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PROBLEM 5.110 (Cont.) 



// Finite-difference equations from Tools, Nodes 01 , 02 

/* Node 01 : surface node (w-orientation); transient conditions; e labeled 02. 7 
rho * cp * der(T01 ,t) = fd_1d_sur_w(T01 ,T02,k,qdot,deltax,Tinf01 ,h01 ,q"a01 ) 
q"a01 =0 // Applied heat flux, W/m A 2; zero flux shown 

qdot = 0 //No internal generation 

Tinf01 = 20 // Arbitrary value 

h01 = 1e-6 // Causes boundary to behave as adiabatic 

/* Node 02: interior node; e and w labeled 03 and 01 . 7 
rho*cp*der(T02,t) = fd_1d_int(T02,T03,T01 ,k,qdot,deltax) 

// Finite-difference equation from energy balance on CV, Node 06 

k * (T05 - T06) / deltax + k * (T07 - T06)/ deltax + q"h = rho * cp * deltax * der(T06,t) 
q"h = LOOKUPVAL(qhvst,1 ,t,2) // Heater flux, W/m /1 2; specified by Lookup Table 

/* See HELP (Solver, Lookup Tables). The Look-up table file name "qhvst" contains 
0 4000 
900 4000 
900.5 0 

5000 0 7 

The temperature-time histories using the IHT code for the plate locations x = 0, ±L are shown in the 
graphs below. We chose to show expanded presentations of the histories at early times, just after the 
second loss of coolant event, t = 0, and around the time the heater is deactivated, t = 900 s. 




1000 
Time, t (s) 



Surface x= -L 
Center point, x = 0 
Surface x= +L 



Surface x= -L 
Center point, x= 0 
Surface x=+L 



COMMENTS: (1) The maximum temperature during the transient period is at the center point and 
occurs at the instant the heater is deactivated, T(0, 900s) - 89°C. After 300 s, note that the two surface 
temperatures are nearly the same, and never rise above the final steady-state temperature. 

(2) Both the FEHT and IHT methods of solution give identical results. Their steady-state solutions 
agree with the result of an energy balance on a time interval basis yielding T ss = 86.1°C. 
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PROBLEM 5.111 



KNOWN: Plane wall of thickness 2L, initially at a uniform temperature, is suddenly subjected to 
convection heat transfer. 

FIND: The mid-plane, T(0,t), and surface, T(L,t), temperatures at t = 50, 100, 200 and 500 s, using 
the following methods: (a) the one-term series solution; determine also the Biot number; (b) the 
lumped capacitance solution; and (c) the two- and 5-node finite-difference numerical solutions. 
Prepare a table summarizing the results and comment on the relative differences of the predicted 
temperatures. 

SCHEMATIC: 



Symmetry 
adiabat 




T(x, t), T(x,0) = T| = 250°C 
p = 7800 kg/m 3 
c = 440 J/kg-K 
k = 15 W/m-K 



To, = 25°C 
h = 500 W/m 2 -K 



L->x L = 20mm 
(a) Plane wall, thickness 2L 





Nodal network 


# nodes 


Ax 


1 




3 J _ 


5 




1: 


• 


• : • ! 


i * 


L/4 


1 






2 












L 


Ux 






1 At = 
L 


1 S 



(b) Nodal networks 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, and (2) Constant properties. 

ANALYSIS: (a) The results are tabulated below for the mid-plane and surface temperatures using the 
one-term approximation to the series solution, Eq. 5.40 and 5.41. The Biot number for the heat 
transfer process is 

Bi = h L/k = 500 W/m 2 -KxO.020 m/15 W/m-K = 0.67 

Since Bi » 0. 1 , we expect an appreciable temperature difference between the mid-plane and surface 
as the tabulated results indicate (Eq. 5.10). 

(b) The results are tabulated below for the wall temperatures using the lumped capacitance method 
(LCM) of solution, Eq. 5.6. The LCM neglects the internal conduction resistance and since Bi = 0.67 
» 0. 1 , we expect this method to predict systematically lower temperatures (faster cooling) at the 
midplane compared to the one-term approximation. 



Solution method/Time(s) 


50 


100 


200 


500 


Mid-plane, T(0,t) (°C) 










One-term, Eqs. 5.40, 5.41 


207.1 


160.5 


99.97 


37.70 


Lumped capacitance 


181.7 


133.9 


77.69 


30.97 


2-node FDE 


210.6 


163.5 


100.5 


37.17 


5-node FDE 


207.5 


160.9 


100.2 


37.77 


Surface, T(L,t) (°C) 










One-term, Eqs. 5.40, 5.41 


160.1 


125.4 


80.56 


34.41 


Lumped capacitance 


181.7 


133.9 


77.69 


30.97 


2-node FDE 


163.7 


125.2 


79.40 


33.77 


5-node FDE 


160.2 


125.6 


80.67 


34.45 



(c) The 2- and 5-node nodal networks representing the wall are shown in the schematic above. The 
implicit form of the finite-difference equations for the mid-plane, interior (if present) and surface 
nodes can be derived from energy balances on the nodal control volumes. The time -rate of change of 
the temperature is expressed in terms of the IHT integral intrinsic function, der{T,t). 
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PROBLEM 5.111 (Cont.) 



Mid-plane node 

k(T2-T\)l Ax = pc(Ax/2)-der(Tl,t) 
Interior node (5 -node network) 

k(Tl-T2)/Ax + k(T3-T2)/Ax = pcAx-der(T2,t) 
Surface node (shown for 5-node network) 

k(T4-T5)/Ax + h(TM-T5) = pc(Ax/2)-der(T5,t) 

With appropriate values for Ax, the foregoing FDEs were entered into the IHT workspace and solved 
for the temperature distributions as a function of time over the range 0 < t < 500 s using an integration 
time step of 1 s. Selected portions of the IHT codes for each of the models are shown in the 
Comments. The results of the analysis are summarized in the foregoing table. 

COMMENTS: (1) Referring to the table above, we can make the following observations about the 
relative differences and similarities of the estimated temperatures: (a) The one-term series model 
estimates are the most reliable, and can serve as the benchmark for the other model results; (b) The 
LCM model over estimates the rate of cooling, and poorly predicts temperatures since the model 
neglects the effect of internal resistance and Bi = 0.67 » 0.1; (c) The 5-node model results are in 
excellent agreement with those from the one-term series solution; we can infer that the chosen space 
and time increments are sufficiently small to provide accurate results; and (d) The 2-node model under 
estimates the rate of cooling for early times when the time-rate of change is high; but for late times, 
the agreement is improved. 

(2) See the Solver I Intrinsic Functions section of IHTlHelp or the IHT Examples menu (Example 5.3) 
for guidance on using the der(T,t) function. 

(3) Selected portions of the IHT code for the 2-node network model are shown below. 

// Writing the finite-difference equations - 2-node model 

// Node 1 

k * (T2 - T1 )/ deltax = rho * cp * (deltax / 2) * der(T1 ,t) 
// Node 2 

k * (T1 - T2)/ deltax + h * (Tint - T2) = rho * cp * (deltax / 2) * der(T2,t) 

// Input parameters 

L = 0.020 
deltax = L 

rho = 7800 // density, kg/m A 3 

cp = 440 // specific heat, J/kg-K 

k = 1 5 // thermal conductivity, W/m.K 

h = 500 // convection coefficient, W/m A 2-K 

Tint = 25 // fluid temperature, K 



(4) Selected portions of the IHT code for the 5-node network model are shown below. 



// Writing the finite-difference equations - 5-node model 

// Node 1 - midplane 

k * (T2 - T1 )/ deltax = rho * cp * (deltax / 2) * der(T1 ,t) 
// Interior nodes 

k * (T1 - T2)/ deltax + k * (T3 - T2 )/ deltax = rho * cp * deltax * der(T2,t) 

k * (T2 - T3)/ deltax + k * (T4 - T3 )/ deltax = rho * cp * deltax * der(T3,t) 

k * (T3 - T4)/ deltax + k * (T5 - T4 )/ deltax = rho * cp * deltax * der(T4,t) 
// Node5 - surface 

k * (T4 - T5)/ deltax + h * (Tinf - T5) = rho * cp * (deltax / 2) * der(T5,t) 

// Input parameters 

L = 0.020 
deltax = L / 4 
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PROBLEM 5.112 

2 

KNOWN: Plastic film on metal strip initially at 25°C is heated by a laser (85,000 W/m for 
At on = 10 s), to cure adhesive; convection conditions for ambient air at 25 °C with coefficient 
of 100 W/m 2 K. 

FIND: Temperature histories at center and film edge, T(0,t) and T(xi,t), for 0 < t < 30 s, 
using an implicit, finite-difference method with Ax = 4mm and At = 1 s; determine whether 
adhesive is cured (T c > 90°C for At c = 10s) and whether the degradation temperature of 
200°C is exceeded. 

SCHEMATIC: 



Fil 



171- 



^4 



-Tfx,0)=^=ZS°C 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform 
convection coefficient on upper and lower surfaces, (4) Thermal resistance and mass of 
plastic film are negligible, (5) All incident laser flux is absorbed. 

PROPERTIES: Metal strip (given): p = 7850 kg/m 3 , c p = 435 J/kg-K, k = 60 W/m-K, a = 
k/pc p = 1.757 x 10" 5 m 2 /s. 

ANALYSIS: (a) Using a space increment of Ax = 4mm, set up the nodal network shown 
below. Note that the film half-length is 22mm (rather than 20mm as in Problem 3.97) to 
simplify the finite-difference equation derivation. 



| 1 ilgf^ 



C7 




AX=4/7W 



Consider the general control volume and use the conservation of energy requirement to obtain 
the finite-difference equation. 



"in 



" Eout — E st 



T p+1_ T P 
q a + + qiaser + qconv = M Cp ni 



At 
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Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.112 (Cont.) 



k(d-l) 



T p+1 _ T p+l 
m-l X m 

Ax 



k(d-l) 



i m+l X m 

Ax 



1 



where 



+ q^(Ax-l) + 2h(Ax-l)(T 00 -TP +1 ) = / 7(Ax-d-l)c J 

Tm =(l + 2Fo + 2Fo • Bi) TP +1 

-Fo(TP + + 1 1+ T^ 1 1 )-2Fo.Bi.T 00 -Fo.Q 



aAt 1.757x10 5 m 2 /sxls 
Fo = — - = - = 1 .098 



p+l_ p 



m 



At 



(1) 



Ax^ 



(0.004 my 



hi Ax 2 Id) 100 W/m 2 • Kfo.004 2 / 0.001 25) 



Bi = 



m 



60 W/m- K 



= 0.0213 



Q = 



q" Q (Ax 2 /d) 85,000 W/m 2 fo.004 2 /0.00125)m 



60 W/m - K 



= 18.133. 



(2) 



(3) 



(4) 



The results of the matrix inversion numerical method of solution (Ax = 4mm, At = Is) are 
shown below. The temperature histories for the center (m = 1) and film edge (m = 5) nodes, 

T(0,t) and T(xi,t), respectively, permit determining whether the adhesive has cured (T > 90°C 
for 10 s). 




30 TTme (sec) 



Certainly the center region, T(0,t), is fully cured and furthermore, the degradation temperature 

(200°C) has not been exceeded. From the T(xi,t) distribution, note that At c » 8 sec, which is 
20% less than the 10 s interval sought. Hence, the laser exposure (now 10 s) should be 
slightly increased and quite likely, the maximum temperature will not exceed 200°C. 
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PROBLEM 5.113 



KNOWN: Insulated rod of prescribed length and diameter, with one end in a fixture at 200°C, reaches a 
uniform temperature. Suddenly the insulating sleeve is removed and the rod is subjected to a convection 
process. 

FIND: (a) Time required for the mid-length of the rod to reach 100°C, (b) Temperature history T(x,t < 
tO, where ti is time at which the midlength reaches 50°C. Temperature distribution at 0, 200s, 400s and 
ti. 



SCHEMATIC: 



T o = 200 °C 



D= 10mm 



7oo=25 °C 
h = 30 W/m 2 -K 




I— Ax- , 

ASSUMPTIONS: (1) One-dimensional transient conduction in rod, (2) Uniform h along rod and at end, 
(3) Negligible radiation exchange between rod and surroundings, (4) Constant properties. 

ANALYSIS: (a) Choosing Ax = 0.016 m, the finite-difference equations for the interior and end nodes 
are obtained. 

T p+1_ T P 

Interior Point, m: q a + + q c = p ■ A c Ax • Cp • m — — — 

T p _ T p T p _ T p p+1 p 

k • A c -^=i ™ + kA c Jl±i ™ + hPAx ^ - T m = Mc Axc D 

c Ax c Ax I m ! c p At 

Regrouping, 

Trn +1 = T m (1 - 2Fo - Bi ■ Fo) + Fo(tP _ 1 + T? +1 ) + Bi • FoT a 



(1) 



where 



Fo 



A? 



(2) 



Bi = h 



Ax 2 /(A C /P) 



/k. 



(3) 



From Eq. (1), recognize that the stability of the numerical solution will be assured when the first term on 
the RHS is positive; that is 

Continued.. 
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PROBLEM 5.113 (Cont.) 

(l-2Fo-Bi-Fo)>0 or Fo<l/(2 + Bi). (4) 

Nodal Point 1: Consider Eq. (1) for the special case that T^_j = T 0 , which is independent of time. 



Hence, 



End 



T p+1 = T p ^ _ 2Fo - Bi • Fo) + Fo |t o + J + Bi • FoT^ . (5) 



Ax „ ho ho 



Nodal Point 10: q a +q c = p ■ A c — -c p 

T p_ T p T p+l_ T p 
k ■ A C 3£io ♦ hA c ( T „ - TP) + hpf (T„ -TP ) . Mc f c p 3o_^0 

Regrouping, T^ 1 = 1* (l - 2Fo - 2N • Fo - Bi • Fo) + 2FoTP + (2N • Fo + Bi • Fo) (6) 

where N = hAx/k. (7) 

The stability criterion is Fo < 1/2(1 + N + Bi/2). (8) 

With the finite-difference equations established, we can now proceed with the numerical solution. 
Having already specified Ax = 0.016 m, Bi can now be evaluated. Noting that A c = tcD 2 /4 and P = 7tD, 
giving A c /P = D/4, Eq. (3) yields 

(0.016m] / 



Bi = 30w/m 2 K 



4 /14.8W m-K 0.208 (9) 

From the stability criteria, Eqs. (4) and (8), for the finite-difference equations, it is recognized that Eq. (8) 
requires the greater value of Fo. Hence 
1 ( 0 208 ^ 

Fo = - 1 + 0.0324 + =0.440 (10) 

A 2 J 

, * r ,^ \i 30w/m 2 -Kx0.016m AAOO/1 
where from Eq. (7), N = '- = 0.0324 . (11) 

14.8W/m-K 

From the definition of Fo, Eq. (2), we obtain the time increment 
Fo ( Ax) 2 

At = Q( - X > = 0.440(0.016m) 2 /3.63xl0" 6 m 2 /s = 31.1s (12) 
a 

and the time relation is t = pAt = 31. It. (13) 
Using the numerical values for Fo, Bi and N, the finite-difference equations can now be written (°C). 
Nodal Point m (2 < m < 9): 

T m +1 = T m (1 " 2 x 0-440 - 0.208 x 0.440) + 0.44o(tP _j + +1 ) + 0.208 x 0.440 x 25 



Nodal Point 1: 



TP +1 =0.029TP +0.440(tP_ 1 + tP +1 ) + 2.3 (14) 
oint 1: 

TP +1 = 0.029TP + 0.44o|200 + J + 2.3 = 0.029^ + 0.440TP + 90.3 (15) 
Nodal Point 10: 

TP 0 +1 = 0 x + 2 x 0.440TP + 25 ( 2 x 0.0324 x 0.440 + 0.208 x 0.440) = 0.880TP + 3 .0 (16) 

Continued... 
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Using finite-difference equations (14-16) with Eq. (13), the calculations may be performed to obtain 



p 


t(s) 


Ti 


T 2 


T 3 


T 4 


T 5 


T 6 


T 7 


T 8 


T 9 


Tio(°Q 


0 


0 


200 


200 


200 


200 


200 


200 


200 


200 


200 


200 


1 


31.1 


184.1 


181.8 


181.8 


181.8 


181.8 


181.8 


181.8 


181.8 


181.8 


179.0 


2 


62.2 


175.6 


166.3 


165.3 


165.3 


165.3 


165.3 


165.3 


165.3 


164.0 


163.0 


3 


93.3 


168.6 


154.8 


150.7 


150.7 


150.7 


150.7 


150.7 


149.7 


149.2 


147.3 


4 


124.4 


163.3 


145.0 


138.8 


137.0 


137.0 


137.0 


136.5 


136.3 


135.0 


134.3 


5 


155.5 


158.8 


137.1 


128.1 


125.3 


124.5 


124.3 


124.2 


123.4 


123.0 


121.8 


6 


186.6 


155.2 


130.2 


119.2 


114.8 


113.4 


113.0 


112.6 


112.3 


111.5 


111.2 


7 


217.7 


152.1 


124.5 


111.3 


105.7 


103.5 


102.9 


102.4 








8 


248.8 


145.1 


119.5 


104.5 


97.6 


94.8 













Using linear interpolation between rows 7 and 8, we obtain T(L/2, 230s) = T 5 « 100°C. ^ 

(b) Using the option concerning Finite-Difference Equations for One-Dimensional Transient Conduction 
in Extended Surfaces from the IHT Toolpad, the desired temperature histories were computed for 0 < t < 
ti = 930s. A Lookup Table involving data for T(x) at t = 0, 200, 400 and 930s was created. 



t(s)/x(mm) 


0 


16 


32 


48 


64 


80 


96 


112 


128 


144 


160 


0 


200 


200 


200 


200 


200 


200 


200 


200 


200 


200 


200 


200 


200 


157.8 


136.7 


127.0 


122.7 


121.0 


120.2 


119.6 


118.6 


117.1 


114.7 


400 


200 


146.2 


114.9 


97.32 


87.7 


82.57 


79.8 


78.14 


76.87 


75.6 


74.13 


930 


200 


138.1 


99.23 


74.98 


59.94 


50.67 


44.99 


41.53 


39.44 


38.2 


37.55 



and the LOOKUPVAL2 interpolating function was used with the Explore and Graph feature of IHT to 
create the desired plot. 

225 -| , , , , , , , 1 



S5 




0 20 40 60 80 100 120 140 160 
Fin location, x(mm) 

t = 0 

— e— t = 200 s 
—&— t = 400 s 
□ t = 930s 

Temperatures decrease with increasing x and t, and except for early times (t < 200s) and locations in 
proximity to the fin tip, the magnitude of the temperature gradient, IdT/dxl, decreases with increasing x. 
The slight increase in IdT/dxl observed for t = 200s and x — > 160 mm is attributable to significant heat 
loss from the fin tip. 

COMMENTS: The steady-state condition may be obtained by extending the finite-difference 
calculations in time to t « 2650s or from Eq. 3.70. 
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PROBLEM 5.114 



KNOWN: Tantalum rod initially at a uniform temperature, 300K, is suddenly subjected to a 
current flow of 80A; surroundings (vacuum enclosure) and electrodes maintained at 300K. 

FIND: (a) Estimate time required for mid-length to reach 1000K, (b) Determine the steady- 
state temperature distribution and estimate how long it will take to reach steady-state. Use a 
finite-difference method with a space increment of 10mm. 

SCHEMATIC: 



/3 e =95xlO Tl-m 

£=o.i 

D - 75m m 



IJ=SOA 

T£=300K 
T T sur =300, 
ZL=lZO-mm 
1 

T L = 300K 




j.*- Symmetry plane 
T L =nooK 



ASSUMPTIONS: (1) One-dimensional, transient conduction in rod, (2) Surroundings are 
much larger than rod, (3) Properties are constant and evaluated at an average temperature. 

PROPERTIES: Table A-l, Tantalum (T = (300+1000) K/2 = 650K) : p = 16,600 kg/m 3 , c 

= 147 J/kg-K, k = 58.8 W/m-K, and a = k/pc = 58.8 W/m-K/16,600 kg/m 3 x 147 J/kg-K = 
2.410 x 10" 5 m 2 /s. 

ANALYSIS: From the derivation of the previous problem, the finite-difference equation was 
found to be 



Tr 1 =Fo(TP_ 1+ TP +1 ) + (l-2Fo)TP-£^Fo(<.P-T s t) + i^Fo (1) 

(2,3,4) 



where Fo = aAt/Ax^ A c = n D^ / 4 P = n D. 

From the stability criterion, let Fo = 1/2 and numerically evaluate terms of Eq. (1). 

T P+1 W T P +T P \ 0-lx5.67xlQ- 8 W/m 2 -K 4 x(0.01m) 2 4 1 / 4 ,p r , 
m ~ 2 l Vl m+1 i 58.8 W/m-K x(0.003m) '2l m L J 



+ 



(80A) 2 x95xl0" 8 Q-m(0.01m) 2 1 
58.8 W/m- [0.003m] 2 /4f 2 



+ 



T m +1 =^( T m-l +T m + l)- 6 - 4285xl ° + 103.53. 



(5) 



Note that this form applies to nodes 0 through 5. For node 0, T m _j = T m+ j = Ti . Since Fo = 
1/2, using Eq. (2), find that 



At - Ax 2 Fo/« = (0.01m) z x 1/2/ 2.410x 10" 5 m 2 /s = 2.07s 
Hence, t = pAt = 2.07p. 



(6) 
(7) 



Continued 
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PROBLEM 5.114 (Cont.) 



(a) To estimate the time required for the mid-length to reach 1000K, that is T G = 1000K, 

perform the forward-marching solution beginning with Ti = 300K at p = 0. The solution, as 
tabulated below, utilizes Eq. (5) for successive values of p. Elapsed time is determined by 
Eq. (7). 



p 


t(s) 


T 0 


Ti 


T 2 


T 3 


T 4 


T 5 


T 6 (°C) 


A 
U 


A 

u 










jUU 


^ftft 


jUU 


1 

1 














4UJ.J 


jUU 


9 
z 




^0,6 Q 


^0,6 Q 


^0,6 Q 


^06 Q 

JUD.7 


^06 Q 

JUO.7 


ZK^ 1 




J 




tin a 
D1U.U 


61 n n 

01U.U 


61 n n 


61 n n 

OIU.U 


^84 1 


^A.6 7 
JUO. / 


^aa 

jUU 


A 




/ 1Z.O 


/ 1 Z.O 


719 6 
/ 1 Z.D 


6QQ 7 


661 1 
DO 1.1 


SzK 9 
J4 J.Z 




c 

J 


1 A A 
1U.4 


O 1 A C 


0 1 A C 


OAO A 


/oo.o 


/z4. / 


COO c 


O AA 

JUU 


6 




915.2 


911.9 


902.4 


867.4 


787.9 


615.1 


300 


7 




1010.9 


1007.9 


988.9 


945.0 


842.3 


646.6 


300 


8 




1104.7 


1096.8 


1073.8 


1014.0 


896.1 


673.6 


300 


9 




1190.9 


1183.5 


1150.4 


1081.7 


943.2 


700.3 


300 


10 


20.7 


1274.1 


1261.6 


1224.9 


1141.5 


989.4 


723.6 


300 


11 




1348.2 


1336.7 


1290.6 


1199.8 


1029.9 


746.5 


300 


12 




1419.7 


1402.4 


1353.9 


1250.5 


1069.4 


766.5 


300 


13 




1479.8 


1465.5 


1408.4 


1299.8 


1103.6 


786.0 


300 


14 




1542.6 


1538.2 


1460.9 


1341.2 


1136.9 


802.9 


300 


15 


31.1 


1605.3 


1569.3 


1514.0 


1381.6 


1164.8 


819.3 


300 



Note that, at p « 6.9 or t = 6.9 x 2.07 = 14.3s, the mid-point temperature is T G » 1000K. < 

(b) The steady-state temperature distribution can be obtained by continuing the marching 

solution until only small changes in T m are noted. From the table above, note that at p = 15 
or t = 31s, the temperature distribution is still changing with time. It is likely that at least 15 
more calculation sets are required to see whether steady-state is being approached. 

COMMENTS: (1) This problem should be solved with a computer rather than a hand- 
calculator. For such a situation, it would be appropriate to decrease the spatial increment in 
order to obtain better estimates of the temperature distribution. 

(2) If the rod were very long, the steady-state temperature 
distribution would be very flat at the mid-length x = 0. 
Performing an energy balance on the small control volume 
shown to the right, find 

Eg — E OU ( = 0 

I 2 ^- £CT PAx(T o 4 -T s 4 ur ) = 0. 

Substituting numerical values, find T G = 2003K. It is unlikely that the present rod would ever 
reach this steady-state, maximum temperature. That is, the effect of conduction along the rod 
will cause the center temperature to be less than this value. 
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PROBLEM 5.115 



KNOWN: Support rod spanning a channel whose walls are maintained at T b = 300 K. Suddenly the rod 
is exposed to cross flow of hot gases with = 600 K and h = 75 W/m 2 -K. After the rod reaches steady- 
state conditions, the hot gas flow is terminated and the rod cools by free convection and radiation 
exchange with surroundings. 

FIND: (a) Compute and plot the midspan temperature as a function of elapsed heating time; compare the 
steady-state temperature distribution with results from an analytical model of the rod and (b) Compute 
the midspan temperature as a function of elapsed cooling time and determine the time required for the rod 
to reach the safe-to-touch temperature of 315 K. 



SCHEMATIC: 



Symmetry plane 



Too = 600 K, h = 75 W/m 2 -K 
/] > ,> / 



T b = 300 K 



4 



Rod, 7, = 300K 




50 mm 



D = 15 mm, L = 100 mm 

k =15 W/m-K, a = 4x10" 6 m 2 /s 
ASSUMPTIONS: (1) One-dimensional, transient conduction in rod, (2) Constant properties, (3) During 
heating process, uniform convection coefficient over rod, (4) During cooling process, free convection 
coefficient is of the form h = CAT" where C = 4.4 W/m 2 -K 1188 and n = 0.188, and (5) During cooling 
process, surroundings are large with respect to the rod. 

ANALYSIS: (a) The finite-difference equations for the 10-node mesh shown above can be obtained 
using the IHT Finite -Difference Equation, One-Dimensional, Transient Extended Surfaces Tool. The 
temperature-time history for the midspan position T 10 is shown in the plot below. The steady-state 
temperature distribution for the rod can be determined from Eq. 3.75, Case B, Table 3.4. This case is 
treated in the IHT Extended Surfaces Model, Temperature Distribution and Heat Rate, Rectangular Pin 
Fin, for the adiabatic tip condition. The following table compares the steady-state temperature 
distributions for the numerical and analytical methods. 



Method 






Temperatures (K) 


vs. Position x (mm) 








0 


10 


20 


30 


40 


50 


Analytical 


300 


386.1 


443.4 


479.5 


499.4 


505.8 


Numerical 


300 


386.0 


443.2 


479.3 


499.2 


505.6 



The comparison is excellent indicating that the nodal mesh is sufficiently fine to obtain precise results. 




300 -f 1 1 1 1 1 1 1 1 1 1 1 

0 100 200 300 400 500 600 

Elapsed heating time, t (s) 

Continued... 
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PROBLEM 5.115 (Cont) 



(b) The same finite-difference approach can be used to model the cooling process. In using the IHT tool, 
the following procedure was used: (1) Set up the FDEs with the convection coefficient expressed as h m = 
hfc.m + h r m , the sum of the free convection and linearized radiation coefficients based upon nodal 
temperature T m . 




(2) For the initial solve, set h fc m = h rm = 5 W/m 2 -K and solve, (3) Using the solved results as the Initial 
Guesses for the next solve, allow h fc m and h r m to be unknowns. The temperature-time history for the 
midspan during the cooling process is shown in the plot below. The time to reach the safe-to-touch 
temperature, T^ = 315K, is 

t = 550 s < 

600 — I , , , , , , , , , . 




300 -| 1 1 1 1 1 | | 

0 200 400 600 800 1000 

Elapsed cooling time, t (s) 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 5.116 

KNOWN: Thin metallic foil of thickness, w, whose edges are thermally coupled to a sink at temperature, 
T sink , initially at a uniform temperature Tj = T sink , is suddenly exposed on the top surface to an ion beam 
heat flux, , and experiences radiation exchange with the vacuum enclosure walls at T sur . Consider also 

the situation when the foil is operating under steady-state conditions when suddenly the ion beam is 
deactivated. 

FIND: (a) Compute and plot the midspan temperature-time history during the heating process; 
determine the elapsed time that this point on the foil reaches a temperature within 1 K of the steady-state 
value, and (b) Compute and plot the midspan temperature-time history during the cooling process from 
steady-state operation; determine the elapsed time that this point on the foil reaches the safe-to-touch 
temperature of 315 K. 



SCHEMATIC: 



sT 



'sur 



la /V'b 



rv 



2. 1i 2. 3.* *9. 10. 



T sink 



\ T \q7 t' T A 



4 



'sur. 



ASSUMPTIONS: (1) One-dimensional, transient conduction in the foil, (2) Constant properties, (3) 
Upper and lower surfaces of foil experience radiation exchange with the large surroundings, (4) Ion beam 
incident on upper surface only, (4) Foil is of unit width normal to the page. 

ANALYSIS: (a) The finite-difference equations for the 10-node mesh shown above can be obtained 
using the IHT Finite-Difference Equation, One-Dimensional, Transient, Extended Surfaces Tool. In 
formulating the energy-balance functions, the following steps were taken: (1) the FDE function 
coefficient h must be identified for each node, e.g., hi and (2) coefficient can be represented by the 

linearized radiation coefficient, e.g., Iq = £<j{T\ + T sur + T slir j , (3) set q'^ = qo/2 since the ion 

beam is incident on only the top surface of the foil, and (4) when solving, the initial condition 
corresponds to Tj = 300 K for each node. The temperature-time history of the midspan position is shown 
below. The time to reach within 1 K of the steady-state temperature (374.1 K) is 



T 10 (t h ) = 373K 



t h = 136s 



(b) The same IHT workspace may be used to obtain the temperature-time history for the cooling process 
by taking these steps: (1) set q£ = 0, (2) specify the initial conditions as the steady-state temperature (K) 
distribution tabulated below, 



Ti 
374.1 



T 2 
374.0 



T 3 
373.5 



T 4 
372.5 



T 5 
370.9 



T 6 
368.2 



T 7 
363.7 



T 8 
356.6 



T 9 
345.3 



Tio 
327.4 



(3) when performing the integration of the independent time variable, set the start value as 200 s and (4) 
save the results for the heating process in Data Set A. The temperature-time history for the heating and 
cooling processes can be made using Data Browser results from the Working and A Data Sets. The time 
required for the midspan to reach the safe-to-touch temperature is 



T 10 (t c ) = 315K 



t c =73s 



Continued... 
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PROBLEM 5.116 (Cont.) 



400 

380 



360 



300 




0 100 200 300 400 500 

Heating or cooling time, t (s) 

— x — Heating process 
— © — Cooling process 

COMMENTS: The IHT workspace using the Finite-Difference Equations Tool to determine the 
temperature-time distributions is shown below. Some of the lines of code were omitted to save space on 
the page. 

// Finite Difference Equations Tool: One-Dimensional, Transient, Extended Surface 

/* Node 1 : extended surface interior node; transient conditions; e and w labeled 2 and 2. 7 

rho * cp * der(T1,t) = fd_1d_xsur_i(T1 ,T2,T2,k,qdot,Ac,P,deltax,Tinf, h1,q"a) 

q"a1 = q"s / 2 // Applied heat flux, W/m A 2; on the upper surface only 

hi = eps * Sigma * (T1 + Tsur) * (T1 A 2 + Tsur A 2) 

sigma = 5.67e-8 // Boltzmann constant, W/m A 2.KM 

/* Node 2: extended surface interior node; transient conditions; e and w labeled 3 and 1 . 7 
rho * cp * der(T2,t) = fd_1d_xsur_i(T2,T3,T1 ,k,qdot,Ac,P,deltax,Tinf, h2,q"a2) 
q"a2 = 0 // Applied heat flux, W/m A 2; zero flux shown 

h2 = eps * sigma * (T2+ Tsur) * (T2 A 2 + Tsur A 2) 



/* Node 10: extended surface interior node; transient conditions; e and w labeled sk and 9. 7 
rho * cp * der(T10,t) = fd_1d_xsur_i(T10,Tsk,T9,k,qdot,Ac,P,deltax,Tinf, h10,q"a) 
q"a10 = 0 // Applied heat flux, W/m A 2; zero flux shown 

hi 0 = eps * sigma * (T1 0 + Tsur) * (T1 0 A 2 + Tsur A 2) 



// Assigned variables 

deltax = L / 10 

Ac = w * 1 

P = 2* 1 

L = 0.150 

w = 0.00025 

eps = 0.45 

Tinf = Tsur 

Tsur = 300 

k = 40 

Tsk = 300 

q"s = 600 

q"s = 0 

qdot = 0 

alpha = 3e-5 

rho = 1000 

alpha = k/ (rho * cp) 



// Spatial increment, m 

// Cross-sectional area, m A 2 

// Perimeter, m 

// Overall length, m 

// Foil thickness, m 

// Foil emissivity 

// Fluid temperature, K 

// Surroundings temperature, K 

// Foil thermal conductivity 

// Sink temperature, K 

// Ion beam heat flux, W/m A 2; for heating process 

// Ion beam heat flux, W/m A 2; for cooling process 

// Foil volumetric generation rate, W/m A 3 

// Thermal diffusivity, m A 2/s 

// Density, kg.m A 3; arbitrary value 

// Definition 
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PROBLEM 5.117 



KNOWN: Stack or book of steel plates (sp) and circuit boards (b) subjected to a prescribed 
platen heating schedule Tp(t). See Problem 5.46 for other details of the book. 

FIND: (a) Using the implicit numerical method with Ax = 2.36mm and At = 60s, find the 
mid-plane temperature T(0,t) of the book and determine whether curing will occur (> 170°C 
for 5 minutes), (b) Determine how long it will take T(0,t) to reach 37°C following reduction 
of the platen temperature to 15°C (at t = 50 minutes), (c) Validate code by using a sudden 
change of platen temperature from 15 to 190°C and compare with the solution of Problem 
5.38. 

SCHEMATIC: 



V Platen (p) y _ 
\ Jf g~ Steel plate (sp) 

— ' i l . * 



'Circuit bomrd t s 



X 



190 
160 



1$£_ 
O 



ZO 40 



60 



tfmii^ 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible contact resistance 
between plates, boards and platens. 

PROPERTIES: Steel plates (sp, given): p sp = 8000 kg/m 3 , c P;Sp = 480 J/kg-K, k sp = 12 
W/m-K; Circuit boards (b, given): p b = 1000 kg/m 3 , c p;b = 1500 J/kg-K, k b = 0.30 W/m-K. 

ANALYSIS: (a) Using the suggested space increment Ax = 2.36mm, the model grid spacing 
treating the steel plates (sp) and circuit boards (b) as discrete elements, we need to derive the 
nodal equations for the interior nodes (2-1 1) and the node next to the platen (1). Begin by 
defining appropriate control volumes and apply the conservation of energy requirement. 

Effective thermal conductivity, k e : Consider an adjacent steel plate -board arrangement. The 
thermal resistance between the nodes i and j is 



„. Ax Ax/2 Ax/2 
R = — = + - 



k e k b k sp 
2 



k e = = W/m-K 

l/k b+ +l/k sp 1/0.3 + 1/12 

k e =0.585 W/m-K. 




Odd-numbered nodes, 3 <m < 11 - steel plates (sp): Treat as interior nodes using Eq. 5.94 
with 

k e 0.585 W/m-K , , rt _ 7 2 , 

a sv = — = ^ = 1.523x10 1 m z /s 

Ap c sp 8000 kg/m 3 x 480 J/kg • K 

«sp At 1.523xl0" 7 m 2 /sx60s 

Fo m=— V = n = 1-641 

Ax z (0.00236 m) z 

Continued 
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PROBLEM 5.117 (Cont.) 



to obtain, with m as odd-numbered, 

(1 + 2Fo m ) T P +1 - Fo m (r£l + T*£ ) = TP (1) 

Even-numbered nodes, 2 <n < 10 - circuit boards (b): Using Eq. 5.94 and evaluating oq, and 
Fo n 



Pb c b 



3.900x10 7 m 2 /s 



Fo n = 4.201 



(1 + 2Fo n ) T n P + 1 - Fo n te 1 + l£l ) = T n P 



(2) 

Plate next to platen, n = 1 - steel plate (sp): The finite-difference equation for the plate node 
(n = 1) next to the platen follows from a control volume analysis. 



Ein E ou t - E st 



T p+1_ T P 
q a +qb =Ap Axc sp— 1 



At 



where 



qa - k sp 



T p (t)-TP +1 



rpP+1 rpP+l 



r yt) 

3 



Ax/2 



qb 



Ax 



and Tp(t) = Tp(p) is the platen temperature which is 
changed with time according to the heating schedule. Regrouping find, 

' 2k ^ 



1 + Fo 



m 



1 + - 



sp 



J J 



TP +1 -Fo m TP +1 



2k 



sp 



Fo m T p(p) = T i P 



(3) 



where 2k sp /k e 



2 x 12 W/m-K/0.585 W/m-K = 41.03. 



Using the nodal Eqs. (1) -(3), an inversion method of solution was effected and the 
temperature distributions are shown on the following page. 

Temperature distributions - discussion: As expected, the temperatures of the nodes near the 
center of the book considerably lag those nearer the platen. The criterion for cure is T > 

170°C = 443 K for At c = 5 min = 300 sec. From the temperature distributions, note that node 
10 just reaches 443 K after 50 minutes and will not be cured. It appears that the region about 
node 5 will be cured. 

(b) The time required for the book to reach 37°C = 310 K can likewise be seen from the 
temperature distribution results. The plates/boards nearest the platen will cool to the safe 
handling temperature with 1000 s = 16 min, but those near the center of the stack will require 
in excess of 2000 s = 32 min. 



Continued 
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PROBLEM 5.117 (Cont.) 



(c) It is important when validating computer codes to have the program work a "problem" 
which has an exact analytical solution. You should select the problem such that all features of 
the code are tested. 



500 
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PROBLEM 5.118 



KNOWN: Reaction and composite clutch plates, initially at a uniform temperature, Tj = 40°C, are 
subjected to the frictional-heat flux shown in the engagement energy curve, qf vs. t . 

FIND: (a) On T-t coordinates, sketch the temperature histories at the mid-plane of the reaction plate, 
at the interface between the clutch pair, and at the mid-plane of the composite plate; identify key 
features; (b) Perform an energy balance on the clutch pair over a time interval basis and calculate the 
steady-state temperature resulting from a clutch engagement; (c) Obtain the temperature histories 
using the finite-element approach with FEHT and the finite-difference method of solution with IHT 
(Ax = 0.1 mm and At = 1 ms). Calculate and plot the frictional heat fluxes to the reaction and 
composite plates, q£p and q C p, respectively, as a function of time. Comment on the features of the 

temperature and frictional-heat flux histories. 
SCHEMATIC: 



2L rD = 2 mm 
l< 



T(x,0) = T| 




Steel (s) ■ 

Reaction plate (rp) 



-icp 



2L CD = 1 mm L fm = 0.5 mm 



Friction 
material (fm 



Steel (s) 

Composite plate (cp) 



q^= 1.6x10 7 W/m 2 




l Iu Time, t(s) 

Engagement energy curve 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible heat transfer to the surroundings. 

PROPERTIES: Steel, p s = 7800 kg/m 3 , c s = 500 J/kg-K, k s = 40 W/m-K; Friction material, p fm = 
1150 kg/m 3 , c fm = 1650 J/kg-K, and k fm = 4 W/m-K. 



ANALYSIS: (a) The temperature histories for specified locations in the system are sketched on T-t 
coordinates below. 



T(x,t) 



T(oo) 



Interface 




^ Mid-plane (rp) 
Mid-plane (cp) 



t„ 



Steady-state condition 

Initial condition 
— > 



Time, t(s) 



Initially, the temperature at all locations is uniform at T[. Since there is negligible heat transfer to the 
surroundings, eventually the system will reach a uniform, steady-state temperature T(oo). During the 
engagement period, the interface temperature increases much more rapidly than at the mid-planes of 
the reaction (rp) and composite (cp) plates. The interface temperature should be the maximum within 

the system and could occur before lock-up, t = ti u . 



Continued 
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PROBLEM 5.118 (Cont) 



(b) To determine the steady-state temperature following the engagement period, apply the 
conservation of energy requirement on the clutch pair on a time-interval basis, Eq. 1.11b. 



qf(t) = 1.6x1 0 7 W/m 2 0<t<t| u 



T(t -oo) = T(co) 




1 Clutch pair - energy balance 



The final and initial states correspond to uniform temperatures of T(oo) and T,, respectively. The 
energy input is determined from the engagement energy curve, qf vs. t . 



F" _P" 4-V — AP" 
^out " r ^gen ~~ ^^st 



p " _ p ' A 

x:, in _i: 'out _u 



£ to qf(t)dt = Ef-Ef = 



P S c s (Lrp / 2 + L cp / 2) + /?f m c fm Lf m (T f - Tj ) 



Substituting numerical values, with T; = 40°C and Tf = T(oo). 

0-5 qoti u = /7 s c s (L rp /2 + L cp /2) + p frn Cf m L fm ](T(oo)-T i ) 



0.5xl.6xl0 7 W/m 2 x0.100 s = 



7800 kg / m 3 x 500 J /kg • K (0.001 + 0.0005) m 



+1150 kg/n^x^SO J/kg-Kx0.0005 m 



(T(oo)-40)°C 



T(oo) = 158°C 

(c) Finite-element method of solution, FEHT. The clutch pair is comprised of the reaction plate (1 
mm), an interface region (0.1 mm), and the composite plate (cp) as shown below. 



Scale: 1 cm = 0.1 mm 



Reactipn plate ( rp ) 



i 1 1- 



| | Interface region, 0.1 mm, qgen(t) 




C omposite plate (c p) 



Continued (2). 
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The external boundaries of the system are made adiabatic. The interface region provides the means to 
represent the frictional heat flux, specified with negligible thermal resistance and capacitance. The 
generation rate is prescribed as 

q = 1.6xlO n (l-Time/0.l)W/m 3 0<Time<t lu 

where the first coefficient is evaluated as / 0. 1 x 10 m and the 0. 1 mm parameter is the thickness 
of the region. Using the Run command, the integration is performed from 0 to 0. 1 s with a time step of 
1x10 6 s. Then, using the SpecifylGeneration command, the generation rate is set to zero and the 
RunlContinue command is executed. The temperature history is shown below. 




(c) Finite-difference method of solution, IHT. The nodal arrangement for the clutch pair is shown 
below with Ax = 0.1 mm and At = 1 ms. Nodes 02-10, 13-16 and 18-21 are interior nodes, and their 
finite-difference equations (FDE) can be called into the Workspace using ToolslFinite Difference 
Equations\One-Dimenisonal\Transient. Nodes 01 and 22 represent the mid-planes for the reaction and 
composite plates, respectively, with adiabatic boundaries. The FDE for node 17 is derived from an 
energy balance on its control volume (CV) considering different properties in each half of the CV. 
The FDE for node 1 1 and 12 are likewise derived using energy balances on their CVs. At the 
interface, the following conditions must be satisfied 

Tn=Ti2 qf=qrp+q cp 

The frictional heat flux is represented by a Lookup Table, which along with the FDEs, are shown in 
the IHT code listed in Comment 2. 



Reaction plate (rp) 



qfffl 



Composite plate (cp) 



foi; 
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K— Ax = 0.1 mm 

Nodal arrangement, FDE solution 
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PROBLEM 5.118 (Cont.) 



The temperature and heat flux histories are plotted below. The steady-state temperature was found as 
156.5° C, which is in reasonable agreement with the energy balance result from part (a). 



Temperature history for clutch pair, 100 ms lock-up time 



Heat flux histories for clutch pair during engagement 



E 



250 



150 




400 600 
Engagement time, t (ms) 

Midplane, reaction plate, T01 
Interface, T11 orT12 
Midplane, composite plate, T22 



1000 




20 40 60 80 

Engagement time, t (ms) 

Frictional heat flux, q"f 
Reaction plate, q"rp 
composite plate, q"cp 



100 



COMMENTS: (1) The temperature histories resulting from the FEHT and IHT based solutions are in 
agreement. The interface temperature peaks near 225°C after 75 ms, and begins dropping toward the 
steady-state condition. The mid-plane of the reaction plate peaks around 100 ms, nearly reaching 
200°C. The temperature of the mid-plane of the composite plate increases slowly toward the steady- 
state condition. 

(2) The calculated temperature-time histories for the clutch pair display similar features as expected 
from our initial sketches on T vs. t coordinates, part a. The maximum temperature for the composite is 
very high, subjecting the bonded frictional material to high thermal stresses as well as accelerating 
deterioration. For the reaction steel plate, the temperatures are moderate, but there is a significant 
gradient that could give rise to thermal stresses and hence, warping. Note that for the composite plate, 
the steel section is nearly isothermal and is less likely to experience warping. 

(2) The IHT code representing the FDE for the 22 nodes and the frictional heat flux relation is shown 
below. Note use of the Lookup Table for representing the frictional heat flux vs. time boundary 
condition for nodes 11 and 12. 

// Nodal equations, reaction plate (steel) 

/* Node 01 : surface node (w-orientation); transient conditions; e labeled 02. 7 
rhos * cps * der(T01 ,t) = fd_1 d_sur_w(T01 ,T02,ks,qdot,deltax,Tinf01 ,h01 ,q"a01 ) 
q"a01 =0 // Applied heat flux, W/m A 2; zero flux shown 

Tinf01 = 40 // Arbitrary value 

h01 = 1e-5 // Causes boundary to behave as adiabatic 
qdot = 0 

/* Node 02: interior node; e and w labeled 03 and 01 . 7 
rhos*cps*der(T02,t) = fd_1d_int(T02,T03,T01 ,ks,qdot,deltax) 



/* Node 10: interior node; e and w labeled 1 1 and 09. 7 
rhos*cps*der(T10,t) = fd_1d_int(T10,T11,T09,ks,qdot,deltax) 
/* Node 1 1 : From an energy on the CV about node 1 1 7 
ks * (T1 0 - T1 1 ) / deltax + q"rp = rhos * cps * deltax / 2 * der(T1 1 ,t) 
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PROBLEM 5.118 (Cont.) 



// Friction-surface interface conditions 

T11 =T12 

q"f = LOOKUPVAL(HFVST16,1 ,t,2) // Applied heat flux, W/m A 2; specified by Lookup Table 
/* See HELP (Solver, Lookup Tables). The look-up table, file name "HFVST16' contains 

0 16e6 

0.1 0 

100 0 7 
q"rp + q"cp = q"f // Frictional heat flux 

// Nodal equations - composite plate 

// Frictional material, nodes 12-16 
/* Node 12: From an energy on the CV about node 12 7 
kfm * (T13 - T12) / deltax + q"cp = rhofm * cpfm * deltax / 2 * der(T12,t) 
/* Node 13: interior node; e and w labeled 08 and 06. 7 
rhofm*cpfm*der(T13,t) = fd_1d_int(T13,T14,T12,kfm,qdot,deltax) 



/* Node 16: interior node; e and w labeled 1 1 and 09. 7 

rhofm*cpfm*der(T16,t) = fd_1d_int(T16,T17,T15,kfm,qdot,deltax) 

// Interface between friction material and steel, node 17 

/* Node 1 7: From an energy on the CV about node 1 7 7 

kfm * (T1 6 - T1 7) / deltax + ks * (T1 8 - T1 7) / deltax = RHS 

RHS = ( (rhofm * cpfm * deltax 12) + (rhos * cps * deltax 12) ) * der(T17,t) 

//Steel, nodes 18-22 

/* Node 18: interior node; e and w labeled 03 and 01 . 7 
rhos*cps*der(T18,t) = fd_1d_int(T18,T19,T17,ks,qdot,deltax) 



/* Node 22: interior node; e and w labeled 21 and 21 . Symmetry condition. 7 
rhos*cps*der(T22,t) = fd_1 d_int(T22,T21 ,T21 ,ks,qdot,deltax) 
// qdot = 0 

// Input variables 

// Ti = 40 
deltax = 0.0001 
rhos = 7800 
cps = 500 
ks = 40 
rhofm = 1 1 50 
cpfm = 1 650 
kfm = 4 

II Conversions, to facilitate graphing 

t_ms = t* 1000 
qf_7 = q"f/1e7 
qrp_7 = q"rp / 1 e7 
qcp_7 = q"cp / 1 e7 



// Initial temperature; entered during Solve 
// Steel properties 

//Friction material properties 
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PROBLEM 5.119 



KNOWN: Hamburger patties of thickness 2L = 10, 20 and 30 mm, initially at a uniform temperature 
T| = 20°C, are grilled on both sides by a convection process characterized by Too = 100°C and h = 
5000 W/m 2 -K. 

FIND: (a) Determine the relationship between time-to-doneness, t^, and patty thickness. Doneness 
criteria is 60°C at the center. Use FEHT and the IHT Models\Transient ConductionlPlane Wall, (b) 
Using the results from part (a), estimate the time-to-doneness if the initial temperature is 5 °C rather 
than 20°C. Calculate values using the IHT model, and determine the relationship between time-to- 
doneness and initial temperature. 



SCHEMATIC: 



Hamburger 

(p,c,k) 



T m ,h 



T(x,t d ) = 60°C - 
td, time-to-doneness 



- +L = 5, 10, 15 mm 



_ 



T(x,0) = T| = 20°C 



- -L 



Z> Tqo = 100°C, h = 5000 W/m 2 -K 

ASSUMPTIONS: (1) One-dimensional conduction, and (2) Constant properties are approximated as 
those of water at 300 K. 

PROPERTIES: Table A-6, Water (300K), p = 1000 kg/m 3 , c = 4179 J/kg-K, k = 0.613 W/m-K. 

ANALYSIS: (a) To determine T(0, tj), the center point temperature at the time-to-doneness time, t^, 
a one-dimensional shape as shown in the FEHT screen below is drawn, and the material properties, 
boundary conditions, and initial temperature are specified. With the RunlCalculate command, the early 
integration steps are made very fine to accommodate the large temperature-time changes occurring 
near x = L. Use the Run \ Continue command (see FEHT HELP) for the second and subsequent steps 
of the integration. This sequence of Start-(Step)-Stop values was used: 0 (0.001) 0.1 (0.01 ) 1 (0.1) 
120(1.0) 840 s. 

Convection boundary 
Tinf = 100 C, h = 3000 W/m A 2.K 

x = L, 10, 20, 40 mm 



Adiabatic 
boundary 




Adiabatic 
b jundary 



Adiabatic boundary 
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PROBLEM 5.119 (Cont) 



Using the ViewlTemperature vs. Time command, the temperature-time histories for the x/L = 0 
(center), 0.5, and 1.0 (grill side) are plotted and shown below for the 2L = 10 mm thick patty. 




Using the View\Temperatures command, the time slider can be adjusted to read tj, when the center 
point, x = 0, reaches 60°C. See the summary table below. 

The IHT ready -to-solve model in Models\Transient ConductionlPlane Wall is based upon Eq. 5.40 and 
permits direct calculation of t<j when T(0,td) = 60°C for patty thickness 2L = 10, 20 and 30 mm and 
initial temperatures of 20 and 5°C. The IHT code is provided in Comment 3, and the results are 
tabulated below. 





Solution method 


Time-to-doneness, t (s) 


Ti(C) 






Patty thickness, 2L (mm) 








10 


20 


30 






FEHT 


66.2 


264.5 


591 


20 




IHT 


67.7 
80.2 


264.5 
312.2 


590.4 
699.1 


20 
5 




Eq. 5.40 (see 
Comment 4) 


X 


X 
X 


X 


5 

20 



Considering the IHT results for Tj = 20°C, note that when the thickness is doubled from 10 to 20 mm, 

td is (264.5/67.7=) 3.9 times larger. When the thickness is trebled, from 10 to 30 mm, td is 

2 

(590.4/67.7=) 8.7 times larger. We conclude that, tj is nearly proportional to L , rather than linearly 
proportional to thickness. 

Continued 
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PROBLEM 5.119 (Cont.) 



(b) The temperature span for the cooking process ranges from = 100 to Ti = 20 or 5°C. The 
differences are (100-20 =) 80 or (100-5 =) 95°C. If tj is proportional to the overall temperature span, 
then we expect tj for the cases with Ti = 5°C to be a factor of (95/80 =) 1.19 higher (approximately 
20% ) than with Ti = 20°C. From the tabulated results above, for the thickness 2L = 10, 20 and 30 
mm, the t d with Ti = 5°C are (80.2/67.7 = ) 1.18, (312 / 264.5 =) 1.18, and (699.1/590.4 =) 1.18, 
respectively, higher than with Tj = 20°C. We conclude that tj is nearly proportional to the temperature 
span (Too - Ti). 

COMMENTS: (1) The results from the FEHT and IHT calculations are in excellent agreement. For 
this analysis, the FEHT model is more convenient to use as it provides direct calculations of the time- 
to-doneness. The FEHT tool allows the user to watch the cooking process. Use the 
View | Temperature Contours command, click on the from start-to-stop button, and observe how color 
band changes represent the temperature distribution as a function of time. 

(2) It is good practice to check software tool analyses against hand calculations. Besides providing 
experience with the basic equations, you can check whether the tool was used or functioned properly. 
Using the one-term series solution, Eq. 5.40: 

e . = T(^ = Ciexp( _ f2Fo) 

Fo = at d /L 2 C 1; ^ = (Bi), Table 5.1 

Ti(°C) 2L(mm) Q * Bi C{ ft Fo td (s) 

20 10 0.5000 24.47 1.2707 1.5068 0.4108 7O0 

5 30 0.4211 73.41 1.2729 1.5471 0.4622 709 

The results are slightly higher than those from the IHT model, which is based upon a multiple- rather 
than single-term series solution. 

(3) The IHT code used to obtain the tabulated results is shown below. Note that T_xt_trans is an 
intrinsic heat transfer function dropped into the Workspace from the Models window (see IHT 
Help\Solver\Intrinsic Functions\Heat Transfer Functions). 

II Models | Transient Conduction | Plane Wall 

/* Model : Plane wall of thickness 2L, initially with a uniform temperature T(x,0) = Ti, suddenly subjected 
to convection conditions (Tinf.h). 7 
// The temperature distribution is 

T_xt = T_xt_trans("Plane Wall",xstar,Fo,Bi,Ti,Tinf) // Eq 5.40 

// The dimensionless parameters are 
xstar = x / L 

Bi = h*L/k //Eq5.9 
Fo= alpha * t / L A 2 // Eq 5.33 

alpha = k/ (rho * cp) 

// Input parameters 

x = 0 // Center point of meat 

L = 0.005 // Meat half-thickness, m 

//L = 0.010 
//L = 0.015 

T_xt = 60 // Doneness temperature requirement at center, x = 0; C 

Ti = 20 // Initial uniform temperature 

//Ti = 5 

rho = 1 000 // Water properties at 300 K 

cp = 4179 
k = 0.613 

h = 5000 // Convection boundary conditions 

Tint = 100 
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PROBLEM 5.120 



KNOWN: A process mixture at 200°C flows at a rate of 207 kg/min onto a 1-m wide conveyor belt 
traveling with a velocity of 36 m/min. The underside of the belt is cooled by a water spray. 

FIND: The surface temperature of the mixture at the end of the conveyor belt, T e s> using (a) IHT for 
writing and solving the FDEs, and (b) FEHT. Validate your numerical codes against an appropriate 
analytical method of solution. 

SCHEMATIC: 

m = 207 kg/min <— T(x,t), T(x,0) = Tj = 200°C 



/— Ti = 200°C V = 36 m/min r~ T e 



't^ttt tt L . 

Too=30 0 C h = 3000 W/m 2 -K 




Mixture (m) 



I « Belt (b), L b = 3 mm 

30 m 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction at any z-location, (2) 
Negligible heat transfer from mixture upper surface to ambient air, and (3) Constant properties. 

PROPERTIES: Process mixture (m), p m = 960 kg/m 3 , c m = 1700 J/kg-K, and k m = 1.5 W/m-K; 
Conveyor belt (b), p b = 8000 kg/ m 3 , c b = 460 J/kg-K, and k b = 15 W/m-K. 

ANALYSIS: From the conservation of mass requirement, the thickness of the mixture on the 
conveyor belt can be determined. 

rh = /? m A c V where A c =WL m 

3 

207 kg/minxl min/60s = 960 kg/m xlmxL m x36m/minxlmin/60s 
L m = 0.0060 m = 6 mm 
The time that the mixture is in contact with the steel conveyor belt, referred to as the residence time, is 
t res = L c /V = 30 m/(36 m/minxl mm/ 60 s) = 50 s 

The composite system comprised of the belt, L b = 3 mm, and mixture, L m = 6 mm, as represented in 
the schematic above, is initially at a uniform temperature T(x,0) = Ti = 200°C while at location z = 0, 
and suddenly is exposed to convection cooling (Too, h). We will calculate the mixture upper surface 
temperature after 50 s, T(0, t res ) = T e s . 

(a) The nodal arrangement for the composite system is shown in the schematic below. The IHT model 
builder ToolsWinite-Difference Equations\Transient can be used to obtain the FDEs for nodes 01-12 
and 14-19. 

Continued 
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PROBLEM 5.120 (Cont) 



X 

L m - 
L m +L b - 



W/////2 &&////////, 
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T 19 





T(X,0) = T| 



1 

Ax = 0.5 mm 

t 



12. 



13 



14 



^st,m 
Pnv c nr k b 



c st,b 
Pb' c b' k b 



For the mixture-belt interface node 13, the FDE for the implicit method is derived from an energy 
balance on the control volume about the node as shown above. 

rj !' _ -c " _ -c " 

^m ^out ~~ E st 

Qa +qb = E st,m+ E st,b 



T p+1 



"m 



Ax 



T p+1 xP + ^ 
13 - + k b - 14 



Ax 



rpP + 1 rpP+l rpP 

13 - = (PmCm+Pb%)(Ax/2)- 13 13 



At 



IHT code representing selected FDEs, nodes 01, 02, 13 and 19, is shown in Comment 4 below (Ax = 
0.5 mm, At = 0. 1 s). Note how the FDE for node 13 derived above is written in the Workspace. From 
the analysis, find 

T e , s = T(0, 50s) = 54.8°C < 

(b) Using FEHT, the composite system is drawn and the material properties, boundary conditions, and 
initial temperature are specified. The screen representing the system is shown below in Comment 5 
with annotations on key features. From the analysis, find 

T e , s = T(0, 50s) = 54.7°C < 

COMMENTS: (1) Both numerical methods, IHT and FEHT, yielded the same result, 55°C. For the 
safety of plant personnel working in the area of the conveyor exit, the mixture exit temperature should 
be lower, like 43°C. 

(2) By giving both regions of the composite the same properties, the analytical solution for the plane 
wall with convection, Section 5.5, Eq. 5.40, can be used to validate the IHT and FEHT codes. Using 
the IHT Models\Transient ConductionlPlane Wall for a 9-mm thickness wall with mixture 
thermophysical properties, we calculated the temperatures after 50 s for three locations: T(0, 50s) = 
91.4°C; T(6 mm, 50s) = 63.6°C; and T(3 mm, 50s) = 91.4°C. The results from the IHT and FEHT 
codes agreed exactly. 

(3) In view of the high heat removal rate on the belt lower surface, it is reasonable to assume that 
negligible heat loss is occurring by convection on the top surface of the mixture. 
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PROBLEM 5.120 (Cont) 



(4) The IHT code representing selected FDEs, nodes 01, 02, 13 and 19, is shown below. The FDE for 
node 13 was derived from an energy balance, while the others are written from the Tools pad. 

// Finite difference equations from Tools, Nodes 01 -12 (mixture) and 14-19 (belt) 

/* Node 01 : surface node (w-orientation); transient conditions; e labeled 02. 7 
rhom * cm * der(T01 ,t) = fd_1 d_sur_w(T01 ,T02,km,qdot,de1tax,Tinf01 ,h01 ,q"a01 ) 
q"a01 =0 // Applied heat flux, W/m A 2; zero flux shown 
qdot = 0 

Tinf01 = 20 // Arbitrary value 

h01 = 1 e-6 // Causes boundary to behave as adiabatic 

/* Node 02: interior node; e and w labeled 03 and 01 . 7 
rhom*cm*der(T02,t) = fd_1d_int(T02,T03,T01 ,km,qdot,deltax) 

/* Node 19: surface node (e-orientation); transient conditions; w labeled 18. 7 
rhob * cb * der(T19,t) = fd_1d_sur_e(T19,T18,kb,qdot,deltax,Tinf19,h19,q"a19) 
q"a1 9 = 0 // Applied heat flux, W/m A 2; zero flux shown 
Tinf19 = 30 
h19 = 3000 

// Finite-difference equation from energy balance on CV, Node 13 

km*(T12 - T13)/deltax + kb*(T14 - T13)/deltax = (rhom*cm + rhob*cb) *(deltax/2)*der(T13,t) 

(5) The screen from the FEHT analysis is shown below. It is important to use small time steps in the 
integration at early times. Use the ViewlTemperatures command to find the temperature of the 

mixture surface at t res = 50 s. 



Adlabatfc boundary 
x = 0 6 mm 9 mm 




Adlabatlc boundary 
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PROBLEM 5.121 



KNOWN: Thin, circular-disc subjected to induction heating causing a uniform heat 
generation in a prescribed region; upper surface exposed to convection process. 

FIND: (a) Transient finite-difference equation for a node in the region subjected to induction 
heating, (b) Sketch the steady-state temperature distribution on T-r coordinates; identify 
important features. 

SCHEMATIC: 




ASSUMPTIONS: (1) Thickness w « r G , such that conduction is one-dimensional in r- 
direction, (2) In prescribed region, q is uniform, (3) Bottom surface of disc is insulated, (4) 
Constant properties. 

ANALYSIS: (a) Consider the nodal point arrangement 
for the region subjected to induction heating. The size of 
the control volume is V = 2n r m • Ar • w. The energy 
conservation requirement for the node m has the form 




4~ 



Ein E out + E„ — E st 



777777777777^^^*777777777/ 



with q a +qb+qconv+qV = E st . 

Recognizing that q a and qj, are conduction terms and q conv is the convection process, 
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T p _ T p 
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L m 



m 



At 



Upon regrouping, the finite-difference equation has the form. 

2 



<=Fo 



where 



1- 



Ar 
2r m 



V-l + 



1 + - 



Ar 
2r m 



l m+l 



Bi 



Ar 

w 



T + 



qAr 



1 - 2Fo - Bi • Fo 



Ar 

w 



Fo = a At/ Ar' 



Bi = hAr/k. 



(b) The steady- state temperature distribution has 
these features: 

1 . Zero gradient at r = 0, tq 

2. No discontinuity at r\, 12 

3. T max occurs in region rr < r < X2 
Note also, distribution will not be linear anywhere; 

distribution is not parabolic in ri < r < X2 region. 
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PROBLEM 5.122 



KNOWN: An electrical cable experiencing uniform volumetric generation; the lower half is well 
insulated while the upper half experiences convection. 

FIND: (a) Explicit, finite-difference equations for an interior node (m,n), the center node (0,0), and 
an outer surface node (M,n) for the convective and insulated boundaries, and (b) Stability criterion for 
each FDE; identify the most restrictive criterion. 

SCHEMATIC: 




ASSUMPTIONS: (1) Two-dimensional (r,§), transient conduction, (2) Constant properties, (3) 
Uniform q. 

ANALYSIS: The explicit, finite-difference equations may be obtained by applying energy balances 
to appropriate control volumes about the node of interest. Note the coordinate system defined above 
where (r,())) — > (mAr, nAi))). The stability criterion is determined from the coefficient associated with 
the node of interest. 



Interior Node (m,n). The control volume 
for an interior node is 

V=r m A^-Ar-^ 
(with r m = mAr, I = 1 ) where i is the 
length normal to the page. The 
conservation of energy requirement is 
E m — E out + Eg = E st 

T p+1 _ T p 

i \ i \ .,, , r 1 m,n x m,n 

(qi +q2j r +(q3 +i4) d +qv = p cv- 



A0 



S^5 

r„--mAr^ %f 



-Ar 



in-l 



At 



k- 



m - 



T p _ T p 
. . , i m-l,n i m,n 
Ar-A<p + k • 



Ar 

T p _ T p 

, a m,n-l 1 m,n 
+k • Ar • — j 

(mAr)A^ 

Define the Fourier number as 
k At aAt 



m + - 



rpP _ rpP rpP _ rpP 

. . , 1 m+l,n 1 m,n 1 m,n+l i m,n 

Ar • A(f> + k • Ar • - 



Ar 



+ q(mAr- A^)-Ar = p c(mAr-A^)-Ar 



(mAr) A^ 

T p+l_ T p 
x m,n x m,n 

At 



Fo 



P c Ar 2 Ar 2 



(1) 



(2) 



and then regroup the terms of Eq. (1) to obtain the FDE, 



m-1/2 



T p 



m 



+ < 



m-l,n 



( m + l/2 T p 



+ - 



1 



m m+1,n ' (mA^) 2 ' m,n+1 m,n_1 ' k 



T P +T P 



+ ^Ar 2 



-Fo 



2 + - 



(mA^)' 



+ 1 



' 'm,n • 



(3)< 



Continued 
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PROBLEM 5.122 (Cont.) 

The stability criterion requires that the last term on the right-hand side in braces be positive. That is, 
the coefficient of Tj^n must be positive and the stability criterion is 



Fo < 1/2 



l + l/(mA^)" 



(4) 



Note that, for m » 1/2 and (mA(j)) »1, the FDE takes the form of a 1-D cartesian system. 
Center Node (0,0). For the control volume, 



V = ;r(Ar/2) -1. The energy balance is 
Ein "Eout + E g = Est where E in = ^n- 



N 
n=0 



Ar 




"Ar 


— A<j> 


+ <\7T 




2 


Ar 


_ 2 _ 



Ar 

2 



2 T p+1 _ T p 
1 o j_o_ 

At 



(5) 



where N = (2n/A§) - 1, the total number of q n . Using the definition of Fo, find 

N 



T ° P+1=4Fo ^Tl T i p n + ^ 2 K 1 - 4 ^- < 

N + 1 „ ' 4k 



n=0 

By inspection, the stability criterion is Fo < 1/4. 
Surface Nodes (M,n). The control volume 
for the surface node is V = (M - !4)ArA<|)-Ar/2.1. 
From the energy balance, 

E in - E out + E g = (qi + q2 ) r + (q3 + h + <i v = E s t 



(7) 




k-(M-l/2)Ar- A^ 



A M-l,n M,n 



Ar 



+ h(MAr -A^) T^-TjP n +k 



+k- 



A T P T P 

Ar L M,n-l ~~ 1 M,n 



(MAi')A^ 



(M-l/4)Ar. 



Ar 



P c 



(M-l/4)Ar-A0 



Ar 1 M,n+l 1 M,n 
2 (MAr)A(^ 

Ar 



1 M,n ~~ x M,n 



At 



Regrouping and using the definitions for Fo = aAt/Ar and Bi = hAr/k, 



T £n 1=Fo< i 



M-l/2 o 
2 T, p 



1 



A/r ma M-l,n T . . , . ? \ M,n+1 A M,n-l 

M-l/4 (M-l/4)M(A^f 1 



T 1 



IBiToo +-Ar 2 
k 



l-2Fo 



M-l/2 



■ + Bi- 



M 



- + - 



M-l/4 M-l/4 ( M -1/4)M(A^) Z 



M,n" 



The stability criterion is 



Fo< 



1 



M-l/2 



Bi 



M 



1 



(8) < 



(9) 



M-l/4 M-l/4 ( M -1/4)M(A^) 2 _ 

To determine which stability criterion is most restrictive, compare Eqs. (4), (7) and (9). The most 
restrictive (lowest Fo) has the largest denominator. For small values of m, it is not evident whether 
Eq. (7) is more restrictive than Eq. (4); Eq. (4) depends upon magnitude of A<j). Likewise, it is not 
clear whether Eq. (9) will be more or less restrictive than Eq. (7). Numerical values must be 
substituted. 
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PROBLEM 5.123 

KNOWN: Initial temperature distribution in two bars that are to be soldered together; interface 
contact resistance. 

FIND: (a) Explicit FDE for T4 2 in terms of Fo and Bi = Ax/k R' t ' c ; stability criterion, (b) T4 2 one 
time step after contact is made if Fo = 0.01 and value of At; whether the stability criterion is satisfied. 
SCHEMATIC: 

f—J-nterface with m 2,3 3,5 43 53 43 

/ solder and flux 

- Steel 

AISI1010 



,opper t pure- 



I* *l Thermal resistance 
layer, R'^ZAO'^ K/W 




t 5,2 


, 6.2 


51 


, 61 



Ax = Ay =20 mm 



PROPERTIES: Table A-l, Steel, AISI 1010 (1000K): k = 31.3 W/m-K, c = 1 168 J/kg-K, p = 7832 
kh/m 3 . 

ASSUMPTIONS: (1) Two-dimensional transient conduction, (2) Constant properties, (3) Interfacial 
solder layer has negligible thickness. 

ANALYSIS: (a) From an energy balance on 

7 *' 3 t*r^ — 



the control volume V = ( Ax/2)- Ay- 1. 



^in E out + Er 



q a +qb +q c +qd =p cV 



t p+i _ T p 

i 4,2 L 4,2 
At 



fCopwir) % 1 .4..! 9 C Jl 



Note that q a = ( AT/R'( c J A c while the remaining are conduction terms, 



^-( T 3 P 2 " T 4,2 ) A y + k ( Ax/2) 



(' 



4,3 M,2 



Ay 



k(Ay) 



( T 5 P 2 T 4,2) 



Ax 



■k(Ax/2) 



\ l 4,l L 4,2J 



p c [(Ax/ 2) -Ay] 



r p+l _ T p 
l 4,2 1 4,2 



Ay ' At 

Defining Fo = (k/p c) At/Ax and Bi c = Ay/R t c k, regroup to obtain 

T^ 1 = Fo |t| 3 + 2T| 2 + Tj j + 2Bi T| 2 J + (l - 4Fo - 2FoBi) T| 2 . 
The stability criterion requires the coefficient of the T^ 2 term be zero or positive, 

(l-4Fo-2FoBi)>0 or Fo<l/(4 + 2Bi) 
(b) For Fo = 0.01 and Bi = 0.020m/ ^2 x 10~ 5 m 2 • K/W x 31.3W/m • kJ = 3 1.95, 

Tj^ 1 = 0.01 (1000 + 2 x 900 + 1000 + 2 x 31.95 x 700 )K + (l - 4x 0.01 - 2 x 0.01 x 31.95) 1000K 



r p+l 

M,2 



485.30K + 321 .00K = 806.3K. 



With Fo = 0.01, the time step is 

At = Fo Ax 2 ( p c/k) = 0.01 (0.020m) 2 (7832kg/m 3 xl 168J/kg • K/31.3W/m- kJ = 1.17s. < 

With Bi = 31.95 and Fo = 0.01, the stability criterion, Fo < 0.015, is satisfied. < 
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PROBLEM 5.124 



KNOWN: Stainless steel cylinder, 80-mm diameter by 60-mm length, initially at 600 K, suddenly 

2 

quenched in an oil bath at 300 K with h = 500 W/m K. Use the ready-to-sol ve model in the Examples 
menu of FEHT to obtain the following solutions. 

FIND: (a) Calculate the temperatures T(r, x ,t) after 3 min: at the cylinder center, T(0, 0, 3 mm), at 
the center of a circular face, T(0, L, 3 min), and at the midheight of the side, T(r Q , 0, 3 min); compare 
your results with those in the example; (b) Calculate and plot temperature histories at the cylinder 
center, T(0, 0, t), the mid-height of the side, T(r 0 , 0, t), for 0 < t < 10 min; use the View/Temperature 
vs. Time command; comment on the gradients and what effect they might have on phase 
transformations and thermal stresses; (c) Using the results for the total integration time of 10 min, use 
the View/T emperature Contours command; describe the major features of the cooling process shown 
in this display; create and display a 10-isotherm temperature distribution for t = 3 min; and (d) For the 

locations of part (a), calculate the temperatures after 3 min if the convection coefficient is doubled (h = 

2 

1000 W/m -K); for these two conditions, determine how long the cylinder needs to remain in the oil 
bath to achieve a safe-to touch surface temperature of 316 K. Tabulate and comment on the results of 
your analysis. 

SCHEMATIC: 



; 40 mm 




T(r, x,0)= T, = 600 K 



T(r c , 0, t) 



TfO, 0, t) 



Cylinder, 
AISI 304 



bath 



t> 



, = 300 K 
k = 500 W/m a -K 



ASSUMPTIONS: (1) Two-dimensional conduction in r- and x-coordinates, (2) Constant properties. 
PROPERTIES: Stainless steel: p = 7900 kg/m 3 , c = 526 J/kg-K, k = 17.4 W/m-K. 

ANALYSIS: (a) The FEHT ready -to-solve model is accessed through the Examples menu and the 
annotated Input page is shown below. The following steps were used to obtain the solution: (1) Use 
the Draw /Reduce Mesh command three times to create the 512-element mesh; (2) In Run, click on 
Check, (3) In Run, press Calculate and hit OK to initiate the solver; and (4) Go to the View menu, 

select Tabular Output and read the nodal temperatures 4, 1, and 3 at t = t 0 = 180 s. The tabulated 
results below include those from the n-term series solution used in the IHT software. 



Continued 
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PROBLEM 5.124 (Cont) 



(r, x, t G ) 



FEHT node 



T(r,x,t 0 ) (K) 
FEHT 



T(r, x, t 0 ) (K) 
1-term series 



T(r, x, t 0 ) (K) 
n-term series 



0, 0, t 0 
0, L, t 0 
ro, 0, t 0 



4 
1 

3 



402.7 
368.7 
362.5 



405 
372 
365 



402.7 
370.5 
362.4 



The FEHT results are in excellent agreement with the IHT n-term series solutions for the x = 0 plane 
nodes (4,3), except for the x = L plane node (1). 



Text Example 5.7 

(Ex. 5.6 in 3e Intro, 4e Fund) 




e-processing: Setting up and running the modi 
1. From Setup menu, 

mm, 5x5 mm grid 



Temperatures in K 

2. Create mesh: draw quadrilaterals 20mm x 1( 

Mesh command 

3. Outline represents symmetric half of cylinder; nodal 

temperatures identified in Text labeled as T(r,x,t) 



/Reduce 



4. Run 



insientfrom 0 to 180 s in steps of 0.5 s 



Post-processing: Viewing the calculations 

1. From View, choose Temperature vs. time for nodes 
1-4 for nodal temperature -time plot 

i, from "start to stop," 



s distributor 



with ti 



r Output, and se 



Results of Analysis 

1. Nodal temperatures (K) at t = 
Node 1 2 

(r,x,t) (O.L.t) (ro,L,t) 
T(r,x,t) 3ea.T 342.© 



180 s with 512 elements: 



(b) Using the View Temperature vs. Time command, the temperature histories for nodes 4, 1, and 3 are 
plotted in the graph shown below. There is very small temperature difference between the locations 

on the surface, (node 1; 0, L) and (node 3; r Q , 0). But, the temperature difference between these 
surface locations and the cylinder center (node 4; 0, 0) is large at early times. Such differences 
wherein locations cool at considerably different rates could cause variations in microstructure and 
hence, mechanical properties, as well as induce thermal stresses. 




Continued 
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PROBLEM 5.124 (Cont) 



(c) Use the ViewlTemperature Contours command with the shaded band option for the isotherm 
contours. Selecting the From Start to Stop time option, see the display of the contours as the cylinder 

cools during the quench process. The "movie" shows that cooling initiates at the corner (r Q ,L,t) and 
the isotherms quickly become circular and travel toward the center (0,0,t). The 10-isotherm 
distribution for t = 3 min is shown below. 



10 isothermal contours: minimum 348.8 K, maximum 402.7 K 

























\ \ 

\ \ 






\ 


\ 

\ 

\ 


\ I 


w 

\ 

, i 



(d) Using the FEHT model with convection coefficients of 500 and 1000 W/m -K, the temperatures at 
t = t Q = 180 s for the three locations of part (a) are tabulated below. 

h = 500 W/m 2 K h = 1000 W/m 2 -K 



T(0, 0, t 0 ), K 402.7 352.8 
T(0, L, t 0 ), K 368.7 325.8 
T(r 0 , 0, t 0 ), K 362.5 322.1 

Note that the effect of doubling the convection coefficient is to reduce the temperature at these 
locations by about 40°C. The time the cylinder needs to remain in the oil bath to achieve the safe-to- 
touch surface temperature of 316 K can be determined by examining the temperature history of the 
location (nodel; 0, L). For the two convection conditions, the results are tabulated below. Doubling 
the coefficient reduces the cooling process time by 40 %. 

T(0, L, t 0 ) h (W/m 2 -K) t 0 (s) 



316 500 370 

316 1000 219 
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PROBLEM 5.125 

KNOWN: Flue of square cross-section, initially at a uniform temperature is suddenly exposed to hot 
flue gases. See Problem 4.55. 

FIND: Temperature distribution in the wall 5, 10, 50 and 100 hours after introduction of gases using 
the implicit finite-difference method. 

SCHEMATIC: 



<£> ff 

T<n,o = 25°C 
h 0 = 5 W/m 2 -K 




t gas r 1 

Tooi = 350°C 
hj= 100W/m 2 -K 



T(x,y,0) = T,= 25°C 



K- 300 mm 



04 08 12 16 19 21 22 

L _ _ _ _ ✓ 



n : : : : ■ 



-> X 



/• 20 



21 



17 



01 05 09 13 



14 



Ax = Ay = 50 mm 



ASSUMPTIONS: (1) Two-dimensional transient conduction, (2) Constant properties. 
PROPERTIES: Flue (given): k = 0.85 W/m-K, a = 5.5 x 10" ? m 2 /s. 

ANALYSIS: The network representing the flue cross-sectional area is shown with Ax = Ay = 50mm. 
Initially all nodes are at Tj = 25°C when suddenly the interior and exterior surfaces are exposed to 

convection processes, (Too,i, n i) an d (Too ;0 , h G ), respectively Referring to the network above, note that 
there are four types of nodes: interior (02, 03, 06, 07, 10, 11, 14, 15, 17, 18, 20); plane surfaces with 
convection (interior -01, 05, 09); interior corner with convection (13), plane surfaces with convection 
(exterior - 04, 08, 12, 16, 19, 21); and, exterior corner with convection. The system of finite- 
difference equations representing the network is obtained using IHT\Tools\Finite-difference 
equations\Two-dimensional\Transient. The IHT code is shown in Comment 2 and the results for t = 5, 
10, 50 and 100 hour are tabulated below. 



Node 17 
Node 13 
Node 12 
Node 22 



(1 + 4Fo) T P +1 - Fo ( T P + 1 + T P +1 + T P +1 + T P +1 ) = TP 





1 




l + 4Fo 


1 + — Bi: 

3 









r p+l 



Fo|2t£ +1 +T 9 + 2T, 



P+l P+l 



14 



:T 1 1 3+-Bi i Fo T j 
3 



(1 + 2Fo (2 + Bi 0 )) TP +1 - Fo (2TP +1 + Tf 6 +1 + T| +1 ) = T? + 2Bi 0 • Fo • T^ 
(1 + 4Fo (1 + Bi 0 )) TP+ 1 - 2Fo (TP+ 1 + tJJ 1 ) = T^ + 4Bi 0 • Fo • T^ 



Numerical values for the relevant parameters are: 
aAt 



Fo = 



5.5xl0" 6 m 2 /sx 3600s 



Ax' 



(0.050m)' 



= 7.92000 



Bi 0 = 



h 0 Ax _ 5 W/m z -Kx 0.050m =Q 29412 



Bii = 



k 0.85 W/m-K 

hi Ax _ 100 W/m 2 -Kx 0.050m 



= 5.88235 



k 0.85 W/m-K 

The system of FDEs can be represented in matrix notation, [A][T] = [C]. The coefficient matrix [A] 
and terms for the right-hand side matrix [C] are given on the following page. 

Continued 
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PROBLEM 5.125 (Cont.) 



The coefficient matrix I A} JftHS matrix [C] 
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-0.12626Tfc- 350.76471 



E = -15.89096 F = ^U2626 G = -4.7 1 450 H = -35.90819 K = -5.30274 



For this problem a stock computer program was used to obtain the solution matrix [T]. The 
initial temperature distribution was T m = 298K. The results are tabulated below. 



T(m,n) (C) 


Node/time (h) 


0 


5 


10 


50 


100 


T01 


25 


335.00 


338.90 


340.20 


340.20 


T02 


25 


248.00 


274.30 


282.90 


282.90 


T03 


25 


179.50 


217.40 


229.80 


229.80 


T04 


25 


135.80 


170.30 


181.60 


181.60 


T05 


25 


334.50 


338.50 


339.90 


339.90 


T06 


25 


245.30 


271.90 


280.80 


280.80 


T07 


25 


176.50 


214.60 


227.30 


227.30 


T08 


25 


133.40 


168.00 


179.50 


179.50 


T09 


25 


332.20 


336.60 


338.20 


338.20 


T10 


25 


235.40 


263.40 


273.20 


273.20 


T11 


25 


1 66.40 


205.40 


219.00 


219.00 


T12 


25 


125.40 


160.40 


172.70 


172.70 


T13 


25 


316.40 


324.30 


327.30 


327.30 


T14 


25 


211.00 


243.00 


254.90 


254.90 


T15 


25 


146.90 


187.60 


202.90 


202.90 


T16 


25 


110.90 


146.70 


160.20 


160.20 


T17 


25 


159.80 


200.50 


216.20 


216.20 


T18 


25 


117.40 


160.50 


177.50 


177.50 


T19 


25 


90.97 


127.40 


141.80 


141.80 


T20 


25 


90.62 


132.20 


149.00 


149.00 


T21 


25 


72.43 


106.70 


120.60 


120.60 


T22 


25 


59.47 


87.37 


98.89 


98.89 



COMMENTS: (1) Note that the steady-state condition is reached by t = 5 hours; this can be seen by 
comparing the distributions for t = 50 and 100 hours. Within 10 hours, the flue is within a few degrees 
of the steady-state condition. 

Continued 
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PROBLEM 5.125 (Cont.) 



(2) The IHT code for performing the numerical solution is shown in its entirety below. Use has been 
made of symmetry in writing the FDEs. The tabulated results above were obtained by copying from 
the IHT Browser and pasting the desired columns into EXCEL. 

// From Tools/Finite-difference equations/Two-dimensional/Transient 
II Interior surface nodes, 01, 05, 09, 13 

/* Node 01 : plane surface node, s-orientation; e, w, n labeled 05, 05, 02 . */ 

rho * cp * der(T01,t) = fd_2d_psur_s(T01 ,T05,T05,T02,k,qdot,deltax,deltay,Tinfi,hi,q"a) 

q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

qdot = 0 

rho * cp * der(T05,t) = fd_2d_psur_s(T05,T09,T01 ,T06,k,qdot,deltax,deltay,Tinfi,hi,q"a) 
rho * cp * der(T09,t) = fd_2d_psur_s(T09,T13,T05,T10,k,qdot,deltax,deltay,Tinfi,hi,q"a) 
/* Node 13: internal corner node, w-s orientation; e, w, n, s labeled 14, 09, 14, 09. 7 
rho * cp * der(T13,t) = fd_2d_ic_ws(T13,T14,T09,T14,T09,k,qdot,deltax,deltay,Tinfi,hi,q"a) 

// Interior nodes, 02, 03, 06, 07, 10, 11, 14, 15, 18, 20 

/* Node 02: interior node; e, w, n, s labeled 06, 06, 03, 01 . */ 
rho * cp * der(T02,t) = fd_2d_int(T02,T06,T06,T03,T01,k,qdot,deltax,deltay) 
rho * cp * der(T03,t) = fd_2d_int(T03,T07,T07,T04,T02,k,qdot,deltax,deltay) 
rho * cp * der(T06,t) = fd_2d_int(T06,T10,T02,T07,T05,k,qdot,deltax,deltay) 
rho * cp * der(T07,t) = fd_2d_int(T07,T1 1 ,T03,T08,T06,k,qdot,deltax,deltay) 
rho * cp * der(T10,t) = fd_2d_int(T10,T14,T06,T1 1 ,T09,k,qdot,deltax,deltay) 
rho * cp * der(T11,t) = fd_2d_int(T11,T15,T07,T12,T10,k,qdot,deltax,deltay) 
rho * cp * der(T14,t) = fd_2d_int(T14,T17,T10,T15,T13,k,qdot,deltax,deltay) 
rho * cp * der(T15,t) = fd_2d_int(T15,T18,T1 1 ,T16,T14,k,qdot,deltax,deltay) 
rho * cp * der(T17,t) = fd_2d_int(T17,T18,T14,T18,T14,k,qdot,deltax,deltay) 
rho * cp * der(T18,t) = fd_2d_int(T18,T20,T15,T19,T17,k,qdot,deltax,deltay) 
rho * cp * der(T20,t) = fd_2d_int(T20,T21 ,T18,T21 ,T18,k,qdot,deltax,deltay) 

// Exterior surface nodes, 04, 08, 12, 16, 19, 21, 22 

/* Node 04: plane surface node, n-orientation; e, w, s labeled 08, 08, 03. 7 

rho * cp * der(T04,t) = fd_2d_psur_n(T04,T08,T08,T03,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

rho * cp * der(T08,t) = fd_2d_psur_n(T08,T12,T04,T07,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

rho * cp * der(T12,t) = fd_2d_psur_n(T12,T16,T08,T1 1 ,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

rho * cp * der(T16,t) = fd_2d_psur_n(T16,T19,T12,T15,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

rho * cp * der(T19,t) = fd_2d_psur_n(T19,T21,T16,T18,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

rho * cp * der(T21,t) = fd_2d_psur_n(T21,T22,T19,T20,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

/* Node 22: external corner node, e-n orientation; w, s labeled 21 , 21 . 7 

rho * cp * der(T22,t) = fd_2d_ec_en(T22,T21 ,T21 ,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

// Input variables 

deltax = 0.050 
deltay = 0.050 
Tinfi = 350 
hi = 100 
Tinfo = 25 
ho = 5 
k = 0.85 
alpha = 5.55e-7 
alpha = k/ (rho * cp) 

rho = 1 000 // arbitrary value 

(3) The results for t = 50 hour, representing the steady-state condition, are shown below, arranged 



according to the coordinate system. 



x/y (mm) 








Tmn (C) 








0 


50 


100 


150 


200 


250 


300 


0 


181.60 


1 79.50 


172.70 


160.20 


141.80 


120.60 


98.89 


50 


229.80 


227.30 


219.00 


202.90 


177.50 


149.00 




100 


282.90 


280.80 


273.20 


172.70 


216.20 






150 


340.20 


339.90 


338.20 


327.30 









In Problem 4.55, the temperature distribution was determined using the FDEs written for steady-state 
conditions, but with a finer network, Ax = Ay = 25 mm. By comparison, the results for the coarser 
network are slightly higher, within a fraction of 1°C, along the mid-section of the flue, but notably 
higher in the vicinity of inner corner. (For example, node 13 is 2.6°C higher with the coarser mesh.) 
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PROBLEM 5.126 



KNOWN: Electrical heating elements embedded in a ceramic plate as described in Problem 
4.73; initially plate is at a uniform temperature and suddenly heaters are energized. 

FIND: Time required for the difference between the surface and initial temperatures to reach 
95% of the difference for steady-state conditions using the implicit, finite-difference method. 

SCHEMATIC: 



hllOOWfm*K 




Symmetry element 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Constant properties, (3) No internal 
generation except for Node 7, (4) Heating element approximates a line source; wire diameter 
is negligible. 

ANALYSIS: The grid for the symmetry element above consists of 12 nodes. Nodes 1-3 are 
points on a surface experiencing convection; nodes 4-12 are interior nodes; node 7 is a special 
case with internal generation and because of symmetry, = 25 W/m. Their finite- 
difference equations are derived as follows 

Surface Node 2. From an energy balance on the prescribed control volume with Ax/ Ay = 3, 



Ein = E st = qa + qb + q C + qd = P cV 



p+1 p 
L 2 l 2 



At 



AyTP +1 -TP +1 / p+n 



/ z\-L^ 3. 

t — • -»- — £ ■■ • 



+ k 



Ay i 3 



rpP+l rpP+l rpP+1 -pP+l 



Ax 



— + kAx^ 



Ay 



pc 



Ax 



Ay 



tP +1 -tP 



At 



Continued 
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PROBLEM 5.126 (Cont.) 



Divide by k, use the following definitions, and regroup to obtain the finite-difference 
equations. 

N = hAx/k = 100 W/m 2 • K x 0.006m/2 W/m • K = 0.3000 
Fo - (k/p c) At/Ax • Ay = oAt/Ax • Ay = 

1 .5 x 10" 6 m 2 / s x 1 s/ (0.006 x 0.002) m 2 = 0. 1250 



(1) 
(2) 



Ay 
Ax 



Ay 
Ax 



-1\ . I 
2 



Ay 



Ax 



| T P+l_ T P+lj + N | Too _ T P+lj + 

T 5 P+1 -T 2 P+1 )~(T 2 P+1 -TP) 
Ay 



| T P + 1_ T P+1 



Ax 

Ay 



t p + i 



+ 



Ax 
Ay" 



Ax 

Ay 



t p+i 



+ N + 



Ax 



-NX 



1 



2Fo 



T p 



T 9 P +1 +- 
2 2 



Ax 

Ay 



t p+i 



1 2Fo i2 



Substituting numerical values for Fo and N, and using lAo = 30°C and Ax/ Ay = 3, find 
0.16667TP +1 -7.63333TP +1 +0.16667T p+1 +3.00000T| +1 =9.0000-4.0000TP. 
By inspection and use of Eq. (3), the FDEs for Nodes 1 and 3 can be inferred. 



(3) 



(4) 



Interior Node 7. From an energy balance on the 
prescribed control volume with Ax/ Ay = 3, 



p! _i_p' -FA 



8, 



where Eg = 2q[j t and Ej n represents the 
conduction terms -q^ + q^ + q' c + q^ , 



d 



*\ E 9 



8 



kAy- 



rpP+l rpP+l ^P+l -pP+l 

1 — + kAx^ 1 — + kAy 



Ax 



Ay 



,pP+i -pP+i 

Ax 



rpP+l rpP+l -pP+1 _-pP 

+kAx^ T- — + 2q ht = p c(Ax-Ay)^ n — 



Ay 

Using the definition of Fo, Eq. (2), and regrouping, find 



At 



Ax 

Ay 



.p+i 



Ax 

Ay 



Ay 
Ax 



1 



+ 



[Ay" 


T P +1 +i 


Ax" 


_Ax 


8 2 


_Ay_ 



2Fo 
T p+1 . 

no " 



.p+i 



qht 



2Fo 



T P 



7 



(5) 



1.50000TP +1 -7.33333TP +1 +0.33333T P+1 +1.50000T P 0 +1 = -12.5000-4.0000TP. (6) 



Continued 
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PROBLEM 5.126 (Cont.) 

Recognizing the form of Eq. (5), it is a simple matter to infer the FDE for the remaining 
interior points for which q^t = 0. In matrix notation [A][T] = [C], the coefficient matrix [A] 

and RHS matrix [C] are: 



THE COEFFICIENT MATRIX, [A] 



[C] 



-7.633330 0.333330 
0.166670 -7.633330 
0 0.333330 



1.500000 
0 
0 
0 
0 
0 
0 
0 
0 



0 

3 000000 
0 
0 
0 
0 
0 
0 
0 



0 3.000000 
0.166670 0 
7.633330 0 
0 -7.333330 
0 0,333330 



1.500000 

0 
0 
0 
0 
0 
0 



0 

3.000000 
0 

0.333330 
14. 666670 



0 
0 

3.000000 
0 

0333330 



0 

1.50000O 
0 
0 
0 
0 
0 



0.333330 -7.333330 
0 

3.000000 
0 
0 
0 
0 



0 
0 
0 

1JOO0O0 
0 
0 

0 -7.333330 
0 0.333330 
1,500000 o 
0 3.000000 
0 0 
0 0 



0 0 0 

0 0 0 

0 0 0 

0 0 0 

3.000000 0 0 

0 1,500000 0 

0.333330 0 1.500000 

14,666670 0.333330 0 

0.333330 -7.333330 0 

0 0 -7.333330 

3.000000 0 

0 3.000000 



0 0 -»,0TT-9.0 

0 0 -4.0T|-9.0 

0 0 -4.OT5-9 0 

0 0 -4,0TJ 

0 0 -g.OTf 

0 0 -4,0Tf 

0 0 -4.0T$-1Z3 

3.000000 0 -».0T| 

0 1.5O00O0 -40T? 

0.333330 0 -4.0Tf 0 

0.166670 -7,333330 0.166670 -4.0Tf, 

0 0,333330 -7.333330 -4.01?! 



o - - 




Recall that the problem asks for the time required to reach 
95% of the difference for steady-state conditions. This 
provides information on approximately how long it takes 
for the plate to come to a steady operating condition. If 
you worked Problem 4.73, you know the steady-state 
temperature distribution. Then you can proceed to find the 

T,^ values with increasing time until the first node reaches 

the required limit. We should not expect the nodes to reach their limit at the same time. 

Not knowing the steady-state temperature distribution, use the implicit FDE in matrix form 
above to step through time — > oo to the steady-state solution; that is, proceed to p — > 
10,20. . . 100 until the solution matrix [T] does not change. The results of the analysis are 

tabulated below. Column 1 labeled T m (oo) is the steady-state distribution. Column 2, 

T m (95%), is the 95% limit being sought as per the graph directly above. The third column is 

the temperature distribution at t = to = 248s, T m (248s); at this elapsed time, Node 1 has 
reached its limit. Can you explain why this node was the first to reach this limit? Which 
nodes will be the last to reach their limits? 



T m (co) 


T m (95%) 


T m (248s) 


55.80 


54.51 


54.51 


49.93 


48.93 


48.64 


47.67 


46.78 


46.38 


59.03 


57.58 


57.64 


51.72 


50.63 


50.32 


49.19 


48.23 


47.79 


63.89 


62.20 


62.42 


52.98 


51.83 


51.52 


50.14 


49.13 


48.68 


62.84 


61.20 


61.35 


53.35 


52.18 


51.86 


50.46 


49.43 


48.98 
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PROBLEM 5.127 

KNOWN: Nodal network and operating conditions for a water-cooled plate. 

FIND: Transient temperature response. 

SCHEMATIC: 




IS'C t V//J 
h ' 5COO w/m*K U^d 



^'14 



15 16 



^ ma*-,-.. 



rr is 



^,20 21 ZZ 23 



1 1 1 



ASSUMPTIONS: (1) Steady-sate conditions, (2) Two-dimensional conduction. 

ANALYSIS: The energy balance method must be applied to each nodal region. Grouping 
similar regions, the following results are obtained. 



Nodes 1 and 5: 



( \ 
, 2aAt 2aAt 

1 + 7T + 

Ax 2 Ay 2 



, 2aAt 2aAt 

1 + 7T + 

Ax 2 Ay 2 
Nodes 2, 3, 4: 



( \ 
, 2aAt 2aAt 
1 + — ^ + 



p+ 1 2aAt p + 1 2aAt p + 1 p 

1 * 2 2 . 9 6 _ 1 

Ax z Ay z 

p+l_2aAt p +i _2aAt p+i _ p 

5 . 2 4 . 2 10 ~ 5 

Ax z Ay z 



Ax 2 Ay 2 



T p+ 
1 m,n 



1 «At T p+1 



«At 



T p+1 



2oAt 



T p+1 _ T p 



, 7 m-l,n ? m+l,n , 2 m,n-l m > n 
Ax Ax Ay 



Nodes 6 and 14: 



, 2aAt 2aAt 2h«At 
1 + ^ + ^ + 



Ax' 



Ay 2 kAy 



T p+ 1 2aAt T p+ 1 2aAt T p+ 1 _ 2h aAt T +T p 



2aAt 2aAt 2h«At 
1 + ^ + ^ + 



Ay 



2 A l 



Ax 



2 x 7 



kAy 



Ax' 



Ay 2 kAy 



rrP + 1 2aAt p + 1 2oAt p+ 1 _ 2h qAt p 
14 " Ax 2 15 " Ay 2 19 = kAy T - +T 14 
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PROBLEM 5.127 (Cont.) 



Nodes 7 and 15: 

( 



2«At 2«At 2h«At 
1 + — + — + 



2 2 
Ax z Ay z 



kAy 



p+1 2aAt p+i «At p+1 aAt ^p+i _ 2haAt p 

7 2 2 2 6 2 8 - . A „ 1 oo + 1 7 

Ay Z Ax Z kAx Z kA Y 



2«At 2«At 2h«At 
1 + — + — + 



Ax' 



Ay 2 kA Y 



.p+1 __^ T p+l _ oAl^p+1 _ 2aAt tP+ i _ 2h«At 

kAy 



TF T1 Tt 

L 15 2 14 2 16 

Ax Ax Ay 



2 20 



-Too+TP 



Nodes 8 and 16: 



\ 2«At 2aAt 2 haAt 2haAt^ 
1 + ^ + — ^ + + 



v 



Ax 2 Ay 2 3 kAx 3 kAy 



T p+1 4 aAt T p+i 2 aAt T p+i 



3 .-2 A 3 



4 aAt 



3 Ax 



T P+ 



1 2 aAt T p+i _ 2 haAt 



2 A 9 



3 Ay 2 11 



3 k 



Ay 

1 1 ^ 
— + — 

Ax Ay y 



Ax 



2 A 7 



Too + Tg 



, 2aAt 2aAt 2 haAt 2 haAt 

1 + — — + — + — + + 

Ax 2 Ay 2 3 kAx 3 kAy 

4 aAt ^p+i 4 aAt T p+i = 2 haAt 



^p+1 2 aAt ^p+i 2 aAt ^p+i 
h6 , . 2 1 !! 3 Ax 2 '15 



Ay' 



3 Ax 



— 

2 A 17 



Ay 



2^21 " 3 k 



r 1 P 

— + — 

Ax Ay 



Too + Tf 6 



2aAt 2aAt 2haAt 
1 + + + 



v Ax Ay 



kAx 



T p+1 

hi 



aAt 



.p+1 



-2a- 



At 



Nodes 9, 12, 17, 20, 21, 22 
r \ 
, 2aAt 2aAt 

1 + 7T + 7T 

Ax 2 Ay 2 
Nodes 10, 13, 18, 23: 



V 

Node 19: 

f 



. 2aAt 2aAt 

1 + 7T + ir 

Ax 2 Ay 2 



T p+ 
1 m,n 



2aAt 2aAt 

Ax 2 Ay z 

Nodes 24, 28: 

f \ 
, 2aAt 2aAt 

1 + 7T + 7T 

Ax 2 Ay 2 
, 2aAt 2aAt 

1 + 7T + 7T 

Ax 2 Ay 2 



T p+ 



L 24 



l 28 



Ay' 



Ax 
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l 12 



aAt 



Ay 



2 T 16 



p+1 _ 



2haAt 
kAx 



p+1 aAt / p+i p+i \ aAt / p +i p +i \ p 
n Ay 2 \ Vn+l m,n-l j ^2 \ m-l,n + 1 m+l,n J ~ L ^,n 



1 aAt 
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; Ax 
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PROBLEM 5.127 (Cont.) 



Nodes 25, 26, 27: 



, 2«At 2«At 

1 + 7T + 



Ax' 



Ay' 



p+l _2aAt p +i 
1 m,n 2 m,n+l 



«At 
A? 



T p+1 , T p+l \_ 2qp«At p+i 
V-l,n + V+l,n j ~ kAy +1 m,n 



The convection heat rate is 



q^ onv = h [( Ax/2) (T 6 - ) + Ax (T 7 - ) + ( Ax + Ay) (T 8 - ) / 2 + Ay (Tj j - ) + ( Ax 
+Ay ) (T 16 - ) / 2 + Ax (T 15 - ) + ( Ax/2) (T 14 - ) = q ouL 

The heat input is 

qin=q G (4Ax) 

and, on a percentage basis, the ratio is 

ns (q C onv/qin) xl oo- 

Results of the calculations (in °C) are as follows: 



Time: 


5.00 sec; 


n = 60.57% 




Time: 


10.00 sec; 


n = 85.80% 








19.974 


20.206 


ZAJ.LyL 


OO O^Q 


OO ^04 


22.723 


23.025 


O^ 1 'Xl 


19.446 


19.597 


20.105 


20.490 


20.609 


21.981 


22.167 


22.791 


23.302 


23.461 






21.370 


21.647 


21.730 






24.143 


24.548 


24.673 


24.217 


24.074 


23.558 


23.494 


23.483 


27.216 


27.075 


26.569 


26.583 


26.598 


25.658 


25.608 


25.485 


25.417 


25.396 


28.898 


28.851 


28.738 


28.690 


28.677 


27.581 


27.554 


27.493 


27.446 


27.429 


30.901 


30.877 


30.823 


30.786 


30.773 


Time: 


15.0 sec; 


n = 94.89% 




Time: 


20.00 sec; 


n = 98.16% 




23.228 


23.363 


23.716 


24.042 


24.165 


23.574 


23.712 


24.073 


24.409 


24.535 


22.896 


23.096 


23.761 


24.317 


24.491 


23.226 


23.430 


24.110 


24.682 


24.861 






25.142 


25.594 


25.733 






25.502 


25.970 


26.115 


28.294 


28.155 


27.652 


27.694 


27.719 


28.682 


28.543 


28.042 


28.094 


28.122 


30.063 


30.018 


29.908 


29.867 


29.857 


30.483 


30.438 


30.330 


30.291 


30.282 


32.095 


32.072 


32.021 


31.987 


31.976 


32.525 


32.502 


32.452 


32.419 


32.409 


Time: 


23.00 sec; 


n = 99.00% 














23.663 


23.802 


24.165 


24.503 


24.630 












23.311 


23.516 


24.200 


24.776 


24.957 
















25.595 


26.067 


26.214 












28.782 


28.644 


28.143 


28.198 


28.226 












30.591 


30.546 


30.438 


30.400 


30.392 












32.636 


32.613 


32.563 


32.531 


32.520 













COMMENTS: Temperatures at t = 
state values. 



23 s are everywhere within 0.1 3°C of the final steady- 
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PROBLEM 5.128 



KNOWN: Cubic-shaped furnace, with prescribed operating temperature and convection heat transfer 
on the exterior surfaces. 

FIND: Time required for the furnace to cool to a safe working temperature corresponding to an inner 
wall temperature of 35°C considering convection cooling on (a) the exterior surfaces and (b) on both 
the exterior and interior surfaces. 

SCHEMATIC: 



y(m) | _g *;«S^ ^ Fur „acewa„ =& T, 

p = 2600 kg/m 3 



c = 960 J/kg-K 
T(x,y,t) k = 1 W/m-K 



u --'//ft///////// '////////////A n \ J , 7 

0 / 8 9 x m) _ > T . / 

^- T(x,0,0) = 900°C ^> r co. " ^- T(x,0,0) = 900°C 

(a) Adiabatic inner surface (b) Cooled inner surface 

ASSUMPTIONS: (1) Two-dimensional conduction through the furnace walls and (2) Constant 
properties. 

ANALYSIS: Assuming two-dimensional conduction through the walls and taking advantage of 
symmetry for the cubical shape, the analysis considers the quarter section shown in the schematic 
above. For part (a), with no cooling on the interior during the cool-down process, the inner surface 
boundary condition is adiabatic. For part (b), with cooling on both the exterior and interior, the 
boundary conditions are prescribed by the convection process. The boundaries through the centerline 
of the wall and the diagonal through the corner are symmetry planes and considered as adiabatic. We 
have chosen to use the finite-element software FEHT as the solution tool. 

Using FEHT, an outline of the symmetrical wall section is drawn, and the material properties are 
specified. To determine the initial conditions for the cool-down process, we will first find the 
temperature distribution for steady-state operation. As such, specify the boundary condition for the 
inner surface as a constant temperature of 900°C; the other boundaries are as earlier described. In the 
Setup menu, click on Steady-State, and then Run to obtain the steady-state temperature distribution. 

This distribution represents the initial temperature distribution, T; (x, y, 0), for the wall at the onset of 
the cool-down process. 

Next, in the Setup menu, click on Transient; for the nodes on the inner surface, in the Specify I 
Boundary Conditions menu, deselect the Temperature box (900°C) and set the Flux box to zero for the 
adiabatic condition (part (a)); and, in the Run command, click on Continue (not Calculate). Be sure to 
change the integration time scale from seconds to hours. 

Because of the high ratio of wall section width (nearly 8.5 m) to the thickness (1 m), the conduction 
heat transfer through the section is nearly one-dimensional. We chose the x,y-section 1 m to the right 
of the centerline (1 m, y) as the location for examining the temperature-time history, and determining 
the cool-down time for the inner surface to reach the safe working temperature of 35°C. 

Continued 
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PROBLEM 5.128 (Cont) 
Temperature history during cool down at x,y-section (1 m, y) 





Adiabal 


ic inner surfac 
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— iA-lnner surface, 










NX 

y/L = 0.75, noc 
y/L = 0.5, node 

y/L = 0.25, node 


y/L = 0, node 5 

e66 

26 








s 








Outer surface, yl 


. = 1 , node 6JSf^~- 













600 900 
Time [hr] 



5 

66 
26 
71 
6 



Time-to-cool, Part (a), Adiabatic inner surface. From the above temperature history, the cool-down 
time, t a , corresponds to the condition when T a (1 m, 0, t a ) = 35°C. As seen from the history, this 
location is the last to cool. From the View I Tabular Output, find that 



t a =1306 h = 54 days 




Continued 
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PROBLEM 5.128 (Cont.) 



Time-to-cool, Part (b), Cooled inner surface. From the above temperature history, note that the center 
portion of the wall, and not the inner surface, is the last to cool. The inner surface cools to 35°C in 
approximately 175 h or 7 days. However, if the cooling process on the inner surface were 
discontinued, its temperature would increase and eventually exceed the desired safe working 

temperature. To assure the safe condition will be met, estimate the cool down time as, tb, 

corresponding to the condition when Tb (1 m, 0.75 m, tb) = 35°C. From the View I Tabular Output, 
find that 



t b =311h = 13days < 

COMMENTS: (1) Assuming the furnace can be approximated by a two-dimensional symmetrical 
section greatly simplifies our analysis by not having to deal with three-dimensional corner effects. We 
justify this assumption on the basis that the corners represent a much shorter heat path than the straight 
wall section. Considering corner effects would reduce the cool-down time estimates; hence, our 
analysis provides a conservative estimate. 

(2) For background information on the Continue option, see the Run menu in the FEHT Help section. 
Using the Run I Calculate command, the steady-state temperature distribution was determined for the 
normal operating condition of the furnace. Using the Run I Continue command (after clicking on 
Setup I Transient), this steady-state distribution automatically becomes the initial temperature 
distribution for the cool-down transient process. This feature allows for conveniently prescribing a 
non-uniform initial temperature distribution for a transient analysis (rather than specifying values on a 
node-by-node basis. 
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PROBLEM 5.129 



KNOWN: Door panel with ribbed cross-section, initially at a uniform temperature of 275°C, is 

ejected from the hot extrusion press and experiences convection cooling with ambient air at 25°C and 

2 

a convection coefficient of 10 W/m -K 



FIND: (a) Using the FEHT ViewlTemperature vs. Time command, create a graph with temperature- 
time histories of selected locations on the panel surface, T(x,0,t). Comment on whether you see 
noticeable differential cooling in the region above the rib that might explain the appearance defect; and 
Using the ViewlTemperature Contours command with the shaded-band option for the isotherm 
contours, select the From start to stop time option, and view the temperature contours as the panel 
cools. Describe the major features of the cooling process you have seen. Use other options of this 
command to create a 10-isotherm temperature distribution at some time that illustrates important 
features. How would you re-design the ribbed panel in order to reduce this thermally induced paint 
defect situation, yet retain the stiffening function required of the ribs? 



SCHEMATIC: 



T(x,0,t) vs. t 
13 




x (mm) 



p = 1050 kg/m 3 

Panel, T(x,y,0) = Tj = 275°C c = 800 j/kg-K 

k = 0.5 W/m-K 

Too=25°C 

h = 10 W/m 2 -K 



(mm) 



ASSUMPTIONS: (1) Two-dimensional conduction in the panel, (2) Uniform convection coefficient 
over the upper and lower surfaces of the panel, (3) Constant properties. 

PROPERTIES: Door panel material (given): p = 1050 kg/m 3 , c = 800 J/kg-K, k = 0.5 W/m-K. 



ANALYSIS: 



(a) Using the Draw command, the shape of the symmetrical element of the panel (darkened region in 
schematic) was generated and elements formed as shown below. The symmetry lines represent 
adiabatic surfaces, while the boundary conditions for the exposed web and rib surfaces are 

characterized by (Too, h). 



Continued 
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PROBLEM 5.129 (Cont) 
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After running the calculation for the time period 0 to 400 s with a 1 -second time step, the temperature- 
time histories for three locations were obtained and the graph is shown below. 




As expected, the region directly over the rib (0,0) cooled the slowest, while the extreme portion of the 
web (0, 13 mm) cooled the fastest. The largest temperature differences between these two locations 
occur during the time period 50 to 150 s. The maximum difference does not exceed 25°C. 



Continued 
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PROBLEM 5.129 (Cont) 



(b) It is possible that the temperature gradients within the web-rib regions - rather than just the upper 
surface temperature differentials - might be important for understanding the panel's response to 
cooling. Using the Temperature Contours command (with the From start to stop option), we saw that 
the center portion of the web and the end of the rib cooled quickly, but that the region on the rib 
centerline (0, 3-5 mm), was the hottest region. The isotherms corresponding to t = 100 s are shown 
below. For this condition, the temperature differential is about 21°C. 
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From our analyses, we have identified two possibilities to consider. First, there is a significant surface 
temperature distribution across the panel during the cooling process. Second, the web and the 
extended portion of the rib cool at about the same rate, and with only a modest normal temperature 
gradient. The last region to cool is at the location where the rib is thickest (0, 3-5 mm). The large 
temperature gradient along the centerline toward the surface may be the cause of microstructure 
variations, which could influence the adherence of paint. An obvious re-design consideration is to 
reduce the thickness of the rib at the web joint, thereby reducing the temperature gradients in that 
region. This fix comes at the expense of decreasing the spacing between the ribs. 
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PROBLEM 5S.1 



KNOWN: Configuration, initial temperature and charging conditions of a thermal energy storage 
unit. 

FIND: Time required to achieve 75% of maximum possible energy storage and corresponding 
minimum and maximum temperatures. 



SCHEMATIC: 



T^&OOTct t 
h-100W/m^K 



L*0.0Z5m 




(Masonry 
J p^iqOOkgl-m* 
) c = SOOJ/kg-K 
C k = 0.7WfmK 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible radiation 
exchange with surroundings. 



ANALYSIS: For the system, find first 



Bi 



hL 100 W/m z -Kx0.025m 



= 3.57 



k 0.7W/m-K 
indicating that the lumped capacitance method cannot be used. 



Groeber chart, Fig. 5S.3: 



a = - 



Q/Q 0 = 0.75 
0.7 W/m-K 



= 4.605 xlO" 7 m 2 /s 



Bi 2 Fo 



P c 1900 kg/rrr'x 800 J/kg-K 

h 2 a t ( 10 ° w/m2ic ) 2 x ( 4 - 605 x 10" 7 m 2 / s j x t (s) 



(0.7 W/m-K) z 



9.4xl0~ 3 t 



Find Bi Fo « 11, and substituting numerical values 

t = 11/9.4 x 10" 3 = 1170s. 
Heisler chart, Fig. 5S.1: is at x = 0 and T max at x = L, with 



r at 4.605x10 7 m 2 /sxll70 s 

Fo = — = = 0.86 

L (0.025m) 2 



Bi" 1 =0.28. 



From Fig. 5S.1, 0^ «0.33. Hence, 

T 0 « 100 +0.33(11 - Too) = 600° C + 0.33 (-575° cj = 410°C = T min . 

From Fig. 5S.2, 0/0 o * 0.33 at x = L, for which 

T x=L * T oo + 0.33 (T 0 - Too) = 600° C + 0.33 (-190)° C = 537°C = T, 



max- 



COMMENTS: Comparing masonry (m) with aluminum (Al), see Problem 5.11, (pc) A i > (pc) m and 

^Al > km- Hence, the aluminum can store more energy and can be charged (or discharged) more 
quickly. 
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PROBLEM 5S.2 



KNOWN: Car windshield, initially at a uniform temperature of -20°C, is suddenly exposed on its 
interior surface to the defrost system airstream at 30°C. The ice layer on the exterior surface acts as an 
insulating layer. 

FIND: What airstream convection coefficient would allow the exterior surface to reach 0°C in 60 s? 
SCHEMATIC: 



Insulating 
ice layer 




Windshield, 
7"(x,0)= 7}= -20 °C, 
7(0, 60s) = 0 °C 



= 30 °C, h 



\—>x L - 



5 mm 



Airstream 



ASSUMPTIONS: (1) One-dimensional, transient conduction in the windshield, (2) Constant properties, 
(3) Exterior surface is perfectly insulated. 

PROPERTIES: Windshield (Given): p = 2200 kg/m 3 , c p = 830 J/kg-K and k = 1.2 W/m-K. 
ANALYSIS: For the prescribed conditions, from Equations 5.31 and 5.33, 



#(0,60s)_# o _T (0,60s) -Too _ (0-30)°C 



Or 



Or 



T- — T 



(-20-30)°C 



0.6 



Fo = 



kt 



1.2W/m-Kx60 



pcL 2 2200 kg/ m 3 x 830 J/ kg • K x (0.005 m)' 



= 1.58 



The single-term series approximation, Eq. 5.41, along with Table 5.1, requires an iterative solution to find 
an appropriate Biot number. Alternatively, the Heisler charts, Section 5S.1, Figure 5S.1, for the midplane 
temperature could be used to find 

Bi" 1 =k/hL = 2.5 

h = 1.2W/m-K/2.5x0.005m = 96w/m 2 -K < 

COMMENTS: Using the IHT, Transient Conduction, Plane Wall Model, the convection coefficient can 
be determined by solving the model with an assumed h and then sweeping over a range of h until the 
T(0,60s) condition is satisfied. Since the model is based upon multiple terms of the series, the result of h 
= 99 W/m 2 -K is more precise than that found using the chart. 
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PROBLEM 5S.3 



KNOWN: Inlet and outlet temperatures of steel rods heat treated by passage through an 
oven. 

FIND: Rod speed, V. 
SCHEMATIC: 



D= 0.05m- 




Steel (ATSI 1010) 



K. 



AitO l^,= 7SO"C 

/>=lZ5W/m*K 

J >V 



-T a = 600"C 



ASSUMPTIONS: (1) One-dimensional radial conduction (axial conduction is negligible), 
(2) Constant properties, (3) Negligible radiation. 

PROPERTIES: Table A-l, AISI 1010 Steel (T « 600K) : k = 48.8 W/m-K, p = 7832 
kg/m 3 , c p = 559 J/kg-K, a = (k/pc p ) = l.llxl0" 5 m 2 /s. 

ANALYSIS: The time needed to traverse the rod through the oven may be found from 
Figure 5S.4. 



q* _ To Tqq 



Bi" 1 = 



T. _T 

1 k 



6QQ - 75Q = 0.214 
50-750 
48.8 W/m-K 



hr o 125 W/m 2 -K (0.025m) 



= 15.6. 



Hence, 



Fo = a t/ro « 12.2 



t = 12.2(0.025m) /l. 11x10 5 m 2 /s = 687 s. 

The rod velocity is 
L 5m 



V 



t 687s 



0.0073 m/s. 



COMMENTS: (1) Since (h r G /2)/k = 0.032, the lumped capacitance method could have been 
used. From Equation 5.5 it follows that t = 675 s. 

(2) Radiation effects decrease t and hence increase V, assuming there is net radiant transfer 
from the oven walls to the rod. 

(3) Since Fo > 0.2, the approximate analytical solution may be used. With Bi = hr Q /k 
=0.0641, Table 5.1 yields & = 0.3549 rad and Ci = 1.0158. Hence from Equation 5.49c 



Fo 



-1 



In 



Ci 



= 12.4, 



which is in good agreement with the graphical result. 
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PROBLEM 5S.4 

KNOWN: Hot dog with prescribed thermophysical properties, initially at 6°C, is immersed in boiling 
water. 

FIND: Time required to bring centerline temperature to 80°C. 
SCHEMATIC: 




T(r,0)=lJ=6°C-J v r o =10mm 



g>^~ ^> I I j_ ft $r (k=05ZW/ m K 

f t° I > r M --ioox (c.-ttoJfo-K 

* t-lOOWhn*.K 



ASSUMPTIONS: (1) Hot dog can be treated as infinite cylinder, (2) Constant properties. 
ANALYSIS: The Biot number, based upon Equation 5.10, is 

100 W/m 2 - K fl0xl0" 3 m/2 



B . s hLe = hV2 = , L = Q96 

k k 0.52 W/m K 

Since Bi > 0.1, a lumped capacitance analysis is not appropriate. Using the Heisler chart, Figure 5S.4 
with 

„. hr n 100W/m 2 -K x 10xl0" 3 m 1M i „ M 

Bis— °= = 1.92 or Bi=0.52 

k 0.52 W/m -K 

and . = ^ = T(0,)-T„ = (80-100rC =021 

<h Ti-T„ (6-100)° C 

at r 2 (l0xl0- 3 m) 

find Fo = t =^- = 0.8 t = -5- Fo = — * 7 x 0.8 = 453.5s = 7.6 min < 

r 2 « 1.764x10 7 m 2 /s 

where a = k/p c = 0.52 W/m • K/880 kg/m 3 x 3350 J/kg • K = 1.764 x 10" 7 m 2 / s. 

COMMENTS: (1) Note that L c = r G /2 when evaluating the Biot number for the lumped capacitance 
analysis; however, in the Heisler charts, Bi = hr G /k. 

-1 

(2) The surface temperature of the hot dog follows from use of Figure 5S.5 with r/r G = 1 and Bi = 
0.52; find 0(l,t)/0 o * 0.45. From Equation (1), note that 0 o = 0.21 Q[ giving 

0(l,t) = T(r o ,t)- Too =O.450 O =0.45(0.2l[Ti -T QO ]) = 0.45x0.2l[6-100]°C = -8.9°C 

T(r 0 , t) = ^ -8.9°C = (100-8.9)° C =91. 1°C 

(3) Since Fo > 0.2, the approximate solution for 0*, Equation 5.49, is valid. From Table 5.1 with Bi = 
1.92, find that Q\ = 1.3245 rad and Ci = 1.2334. Rearranging Equation 5.49 and substituting values, 



Fo = -^-ln fe/qU ' 

V 1 (1.3245 ^- 



rad)' 



0.213 



1.00 



1.2334 

This result leads to a value of t = 9.5 min or 20% higher than that of the graphical method. 
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PROBLEM 5S.5 



KNOWN: Long bar of 70 mm diameter, initially at 90°C, is suddenly immersed in a water 
bath = 40°C, h = 20 W/m 2 K). 

FIND: (a) Time, tf, that bar should remain in bath in order that, when removed and allowed 
to equilibrate while isolated from surroundings, it will have a uniform temperature T(r, oo) = 
55°C. 

SCHEMATIC: 




h ~Z0 W/m z -K \ J 3 equilibrates at I (r,oo)-D3 C 

-•Bar, r 0 =357nw7 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties. 

PROPERTIES: Bar (given): p = 2600 kg/m 3 , c = 1030 J/kg-K, k = 3.50 W/m-K, a = k/pc = 
1.31xl0" 6 m 2 /s. 

ANALYSIS: Determine first whether conditions are space- wise isothermal 

hL c h(r 0 /2) 20 W/m 2 • K (0.035 m/2) 

Bi = = = = 0. 10 

k k 3.50 W/m-K 

and since Bi > 0.1, a Heisler solution is appropriate. 

(a) Consider an overall energy balance on the bar during the time interval At = tf (the time the 
bar is in the bath). 

^in ~~ E out = AE 



0-Q = E final - E initial = Mc (Tf - Tqo ) - Mc (Tj - T^ ) 

-Q = Mc(T f -Too)-Q 0 

Q Tf-Tcn (55-40)°C 
_V_ = 1 __4 ^ = 1 _V 1 = 070 

Qo Tj-Too (90-40)°C 

where Q D is the initial energy in the bar (relative to Too; Equation 5.44). With Bi = hr G /k = 
0.20 and Q/Q 0 = 0.70, use Figure 5S.6 to find Bi 2 Fo = 0.15; hence Fo = 0.15/Bi 2 = 3.75 and 

tf = Fo-r 2 /a = 3.75(0.035 m) 2 /1.31xl0" 6 m 2 /s = 3507 s. < 

(b) To determine T(r G , tf), use Figures 5S.4 and 5S.5 for 6(r 0 ,t)/6i (Fo = 3.75, Bi 1 = 5.0) and 
9 o /0i (Bi = 5.0, r/r Q = 1, respectively, to find 

T (r 0 , t f ) = ^ + °' ~ • #i = 40°C + 0.25 x 0.90(90 - 40)° C = 5 1°C. < 
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PROBLEM 5S.6 



KNOWN: An 80 mm sphere, initially at a uniform elevated temperature, is quenched in an 
oil bath with prescribed T^, h. 

FIND: The center temperature of the sphere, T(0,t) at a certain time when the surface 
temperature is T(r G ,t) = 150°C. 

SCHEMATIC: 

Sphere, k-SOW/m-K 
T(r o ,t)=/S0°C 

D-QO m m 




T(O t t) 




ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Initial uniform temperature 
within sphere, (3) Constant properties, (4) Fo > 0.2. 

ANALYSIS: Check first to see if the sphere is spacewise isothermal. 



Bi„ = c 



h (r D / 3) _ 1000 W/m 2 • K x 0.040m/3 



= 0.26. 



k k 50 W/m- K 

Since Bi c > 0.1, lumped capacitance method is not appropriate. Recognize that when Fo > 
0.2, the time dependence of the temperature at any point within the sphere will be the same as 

the center. Using the Heisler chart method, Figure 5S.8 provides the relation between T(r Q ,t) 
and T(0,t). Find first the Biot number, 



„. hr n 
Bi = — 5- 
k 

-l 



1000 W/m z -Kx 0.040m 



= 0.80. 



50 W/m- K 

With Bi ' = 1/0.80 = 1.25 and r/r G =1, read from Figure 5S.8, 



0 _T(r 0 ,t)-T a 



= 0.67. 



0 o TfCt)-^ 
It follows that 

T(0,t) = T oo+ ^[T(r o ,t)-T oo ] = 50 o C + ^[l50-50]°C = 199 o C. < 

COMMENTS: (1) There is sufficient information to evaluate Fo; hence, we require that the 
time be sufficiently long after the stall of quenching for this solution to be appropriate. 

(2)The approximate series solution could also be used to obtain T(0,t). For Bi = 0.80 from 
Table 5.1, £\ =1.5044 rad. Substituting numerical values, r* = 1, 



0* _T(r o ,t)-T 00 1 



0* o T(0,t)- Too ClV * 



sin Kir = 



1 



1.5044 



sin (1.5044 rad) = 0.663. 



It follows that T(0,t) = 201°C. 
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PROBLEM 5S.7 



KNOWN: Diameter and initial temperature of hailstone falling through warm air. 

FIND: (a) Time, t m , required for outer surface to reach melting point, T(r Q ,t m ) = T m = 0°C, 
(b) Centerpoint temperature at that time, (c) Energy transferred to the stone. 

SCHEMATIC: 

-D = 0.0OSm 




-Ice, 7T=-30 o C ( 7^ = 0°C 

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties. 

PROPERTIES: Table A-3, Ice (253K): p = 920 kg/m 3 , k = 2.03 W/m-K, c p = 1945 J/kg-K; 
-6 2 

a = k/pCp = 1.13 x 10 m /s. 

ANALYSIS: (a) Calculate the lumped capacitance Biot number, 

h (r Q / 3) 250 W/m 2 • K (0.0025m/3) 

Bi = — '- = i '- = 0.103. 

k 2.03 W/m-K 

Since Bi > 0.1, use the Heisler charts for which 
^(r o ,t m )_T(r o ,t m )-T 00 _ 0-5 



= 0.143 

0{ Tj-Too -30-5 

B .-l = k = 2.03 W/m-K 

hr o 250 W/m 2 • K x 0.0025m 



0(x t ) 

From Figure 5S.8, find V ° ' m ) * 0.86. 

^oltm) 

i, followsthat Msl = H'o.< r m Qjj3. ftl7 , 

8i e(r 0 ,t m )ie 0 {l m ) 0.86 
From Figure 5S.7 find Fo « 2.1. Hence, 

For 2 _ 2.1(0.0025) 2 
a 1.13x10 b m 2 /s 
(b) Since (e o /9i) « 0.17, find 

T 0 - Too « 0.17(Ti -Too) * 0.17 (-30-5) * -6.0°C 



T o (t m )«-1.0°C. 

it 

5.44, 



(c) With Bi 2 Fo = (l/3.25) 2 x2.1 = 0.2, from Figure 5S.9, find Q/Q D « 0.82. From Equation 

3\ /„, /: ^MAAc m ^3 



Qo = P Vc p#i =[920kg/m J j (^-/6) (0.005m) 1945 (J/kg • K)(-35K) = -4.10 J 
Q = 0.82Q o =0.82(-4.10 j) = -3.4 J. <_ 
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PROBLEM 5S.8 

KNOWN: Properties, initial temperature, and convection conditions associated with cooling of glass 
beads. 

FIND: (a) Time required to achieve a prescribed center temperature, (b) Effect of convection coefficient 
on center and surface temperature histories. 



SCHEMATIC: 



Air 

T 00 = 15 °C 
100 <h< 1000 W/m 2 -K 




Glass beads 

7} =477 °C, 7(0,f f ) = 80 °C 
p = 2200 kg/m 3 , c p = 800 J/kg-K 
k = 1.4 W/m-K 
D = 0.003 m 



ASSUMPTIONS: (1) One-dimensional conduction in r, (2) Constant properties, (3) Negligible 
radiation, (4) Fo > 0.2. 

ANALYSIS: (a) With h = 400 W/m 2 -K, Bi = h(r Q /3)/k = 400 W/m 2 -K(0.0005 m)/1.4 W/m-K = 0.143 and 
the lumped capacitance method should not be used. Instead, use the Heisler charts for which 



0 O = T(0,t)-T oo = 80-15 
6 X Tj - Tqq 



Bi"' - k 



477-15 
1.4 W/m-K 



= 0.141 



K 400 W/m 2 • K x 0.00 1 5 m 



= 2.33. 



From Figure 5S.7, find Fo ~ 1.8. 



For^ 



1.8(0.0015)' 



a 



From Figure 5S.8, 



1.4W/m-K/(2200kg/m^x800J/kg-K) 



5.1 s. 



0n 



0.82. 



Hence, the corresponding surface temperature is 

T(r o ,t)«T oo +0.82(T o -T oo ) = 15 o C + 0.82(80 o C-15 o cj = 68.3°C 

(b) The effect of h on the surface and center temperatures was determined using the IHT Transient 
Conduction Model for a Sphere. 



500 




h= 100 W/m*2.K, r = 0 
h = 400 W/m A 2.K, r = 0 
h = 1000 W/m A 2.K, r = 0 



400 



300 




Time, t(s) 

h= 100 W/m"2.K, r = ro 
h = 400 W/m A 2.K, r = ro 
h = 1000 W/m A 2.K, r = ro 



Continued. 
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PROBLEM 5S.8 (Cont.) 



The cooling rate increases with increasing h, particularly from 100 to 400 W/m 2 -K. The temperature 
difference between the center and surface decreases with increasing t and, during the early stages of 
solidification, with decreasing h. 

COMMENTS: Temperature gradients in the glass are largest during the early stages of solidification 
and increase with increasing h. Since thermal stresses increase with increasing temperature gradients, the 
propensity to induce defects due to crack formation in the glass increases with increasing h. Hence, there 
is a value of h above which product quality would suffer and the process should not be operated. 



PROBLEM 5S.9 



KNOWN: Steel (plain carbon) billet of square cross-section initially at a uniform 
temperature of 30°C is placed in a soaking oven and subjected to a convection heating process 
with prescribed temperature and convection coefficient. 



FIND: Time required for billet center temperature to reach 600°C. 
SCHEMATIC: 

'ZL z =O.Zm 

T(0,0,tf--600'C " ' * 



ZLf0.3m 




1_U \° 



-Silkt, 
3m x 0.5m 



> T -7S0'C 
7SSB5EBBBT 




ASSUMPTIONS: (1) Two-dimensional conduction in x\ and x 2 directions, (2) Constant 
properties, (3) Heat transfer to billet is by convection only. 

PROPERTIES: Table A-l, Steel, plain carbon (T = (30+600)°C/2 = 588K = » 600K): p = 
7854 kg/m 3 , c p = 559 J/kg-K, k = 48.0 W/m-K, a =k/pc p = 1.093 x 10" 5 m 2 /s. 

ANALYSIS: The billet corresponds to Case (e), Figure 5S. 1 1 (infinite rectangular bar). 
Hence, the temperature distribution is of the form 

^(x 1 ,x 2 ,t) = P(x 1 ,t)xP(x 2 ,t) 

where P(x,t) denotes the distribution corresponding to the plane wall. Because of symmetry 
in the xj and x 2 directions, the P functions are identical. Hence, 

I 2 

where < 

Plane wall 



0(0. o.t) 
0\ 



Mot) 

0\ 



6> = T-T 



8\ - Ti _ Tqo 
0 o =T(O,t)-T a 



and L = 0.15m. 



Substituting numerical values, find 



0o(O.t) 
0\ 



T(0,0,t)-T a 



Ti-T 



1/2 



( 600- 750)° C 
(30- 750)° C 



1/2 



= 0.46. 



Consider now the Heisler chart for the plane wall, Figure 5S.1. For the values 



el 



0i 



0.46 



Bi 



:-l 



hL 



48.0 W/m-K 



100W/m z -Kx0.15m 



3.2 



find 



t =Fo 



a t 



3.2. 



Hence, 



t = 



3.2 L 2 _ 3.2 (0.15 m)^ 



a 



1.093x10 5 m 2 /s 



= 6587 s = 1.83 h. 
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PROBLEM 5S.10 

KNOWN: Initial temperature of fire clay brick which is cooled by convection. 
FIND: Center and corner temperatures after 50 minutes of cooling. 
SCHEMATIC: 

2L z =0.0?m 




CM"- 



h=50W/m*-K 
Fire day brick, T,=1600K 

ASSUMPTIONS: (1) Homogeneous medium with constant properties, (2) Negligible 
radiation effects. 

PROPERTIES: Table A-3, Fire clay brick (900K): p = 2050 kg/m 3 , k = 1.0 W/m-K, c p = 
960 J/kg-K. a = 0.51 x 10" 6 m 2 /s. 

ANALYSIS: From Figure 5S. 1 1(h), the center temperature is given by 
T(0,0,0,t)-T oo 



P 1 (0,t)xP 2 (0,t)xP 3 (0,t) 



T. _T 

where Pi , P2 and P3 must be obtained from Figure 5S.1. 

L 1= 0.03m: Bi 1= ^_ = 1.50 F Ol =^ = 1.70 

k LJ 

L 2 = 0.045m: Bi 2 = — ^ = 2.25 Fo 2 = ^ = 0.756 

k t 2 

L 3 = 0.10m: Bi3=^_ = 5.0 F03 =^ = 0.153 

k T 2 
^3 

Hence from Figure 5S.1, 

P!(0,t)«0.22 P 2 (0,t)«0.50 P 3 (0,t)«0.85. 

XfO 0 0 t)-T 

Hence, v - - - ' — « 0.22x0.50x0.85 =0.094 

T. _T 

and the center temperature is 

T (0,0,0,t) * 0.094 (1600 - 3 13) K + 3 13 K = 434 K. 



Continued 
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PROBLEM 5S.10 (Cont.) 



The corner temperature is given by 
T(L 1 ,L 2 ,L 3 ,t)-T c 



l OO 



T -T 

where 



= P(L 1 ,t)xP(L 2 ,t)xP(L 3 ,t) 



P(L b t) = ^%^ Pi(0,t), etc. 

and similar forms can be written for L 2 and L3. From Figure 5S.2, 

0(U,i) 0(L2,t) #(L 3 ,t) 

v 1 ^ 0.55 v 1 ' -0.43 v — ' «0.25. 

Hence, 



0 O 0 O 0 O 



P(L b t)« 0.55x0.22 = 0.12 
P(L 2 ,t)» 0.43x0.50 = 0.22 
P(L 3 ,t)»0.85x0.25 = 0.21 

and 

T(L 1 ,L 2 ,L 3 ,t)-T c 



x 0.12x0.22x0.21 = 0.0056 



T. _T 

or 

T(L b L 2 ,L 3 ,t) « 0.0056(1600-313)K + 313 K. 
The corner temperature is then 
T(L 1 ,L 2 ,L 3 ,t)«320 K. 



COMMENTS: (1) The foregoing temperatures are overpredicted by ignoring radiation, 
which is significant during the early portion of the transient. 

(2) Note that, if the time required to reach a certain temperature were to be determined, an 
iterative approach would have to be used. The foregoing procedure would be used to 
compute the temperature for an assumed value of the time, and the calculation would be 
repeated until the specified temperature were obtained. 



PROBLEM 5S.11 



KNOWN: Cylindrical copper pin, 100 mm long x 50 mm diameter, initially at 20°C; end faces are 
subjected to intense heating, suddenly raising them to 500°C; at the same time, the cylindrical surface 

is subjected to a convective heating process (Too,h). 

FIND: (a) Temperature at center point of cylinder after a time of 8 seconds from sudden application 
of heat, (b) Consider parameters governing transient diffusion and justify simplifying assumptions that 
could be applied to this problem. 

SCHEMATIC: 



M 50mm 
£i_ — i 



UT^SOOX 
felOOWfm'K 
i 



-End face, 
j\- T e =SOOX 



T(0,0,8s)^ , CWD r 0 =Z5mm 
— \H 1 "T 



7J =Z0°C t copper 




L- = SOmm 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Constant properties and convection heat 
transfer coefficient. 



PROPERTIES: Table A-l, Copper, pure IT « (500 + 20) C/2*500Kj: p = 8933 kg/m , c = 407 

3 -4 2 

J/kg-K, k = 386 W/m-K, a = k/pc = 386 W/m-K/8933 kg/m x 407 J/kg-K = 1.064 x 10 m /s. 

ANALYSIS: (1) The pin can be treated as a two-dimensional system comprised of an infinite 

cylinder whose surface is exposed to a convection process (Too,h) and of a plane wall whose surfaces 

are maintained at a constant temperature (T e ). This configuration corresponds to the short cylinder, 
Case (i) of Figure 5S. 1 1, 



fl(r,x,t) 



C(r,t)xP(x,t). 



(1) 



For the infinite cylinder, using Figure 5S.4, with 



100 W/m 2 -K(25xl0" 3 m 



Bi 



find 



385 W/m-K 

0(0, 8s) 



6.47x10" 



and Fo : 



a t 



1.064 xlO" 4 — x8s 



|25xl0" 3 mj Z 



1.36, 



C(0,8s): 



0; 



wl. 



(2) 



cyl 



For the infinite plane wall, using Figure 5S.1, with 

. hL .i n at 1.064xl0" 4 m 2 /sx8s „„ A 

Bi = > oo or Bi -> 0 and Fo = = = 0.34, 

k T 2 / . x2 



50xl0"-m 



find 



P(0,8s) 



0(0, 8s)' 
0i 



«0.5. 



(3) 



wall 



0(0, 0,8s) T (0,0,8s) 

Combining Equations (2) and (3) with Eq. (1), find '- = — ^ — — * 1 x 0.5 = 0.5 

0j 



T -T 

A l A oo 



T( 0,0,8s) = ^ +0.5(Ti - Too ) = 500 + 0.5(20-500) = 260° C. 



(b) The parameters controlling transient conduction with convective boundary conditions are the Biot 
and Fourier numbers. Since Bi « 0.1 for the cylindrical shape, we can assume radial gradients are 
negligible. That is, we need only consider conduction in the x-direction. 
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PROBLEM 5S.12 



KNOWN: Cylindrical-shaped meat roast weighing 2.25 kg, initially at 6°C, is placed in an 
oven and subjected to convection heating with prescribed (Too,h). 
FIND: Time required for the center to reach a done temperature of 80°C. 
SCHEMATIC: 



Shape •■ 



" v T r -6' , C y T O0 --175X 





ASSUMPTIONS: (1) Two-dimensional conduction in x and r directions, (2) Uniform and 
constant properties, (3) Properties approximated as those of water. 

PROPERTIES: Table A-6, Water, liquid ( f = (80 + 6)° C/2 « 3 1 5K J :< p = l/v f = 1/1 .009 

10" 3 m 3 /kg = 991.1 kg/m 3 , c p f = 4179 J/kg-K, k = 0.634 W/m-K, a = k/pc = 1.531 x 10" 

7 2. 
m /s. 

ANALYSIS: The dimensions of the roast are determined from the requirement r G = L and 
knowledge of its weight and density, 

il/3 



M = pV = p ■ 2L • ?rr 0 or r Q = L = 



" M " 


1/3 


2.25 kg 


2np 




2^991.1 kg/m 3 



= 0.0712m. 



(1) 



The roast corresponds to Case (i), Figure 5S.11, and the temperature distribution may be 

expressed as the product of one-dimensional solutions, — - ' - — = P(x,t)xC(r,t), 

M — Tqq 

where P(x,t) and C(r,t) are defined by Equations 5S.2 and 5S.3, respectively. For the center 
of the cylinder, 

T(0,0,t)-T oo _ (80-175)° C _ 

T i- T oo (6-175)° C 
In terms of the product solutions, 

T(0,t)-T c 



0.56. 



(2) 



T(0,0,t)-T QO=o56 _T(0,t)-T a 



Ti-T 



Ti-T 



wall 



Ti-T 



CO 



(3) 



cylinder 



For each of these shapes, we need to find values of 9 o /0i such that their product satisfies 
Equation (3). For both shapes, 



Bi" 1 *0.6 



„. hr n hL 15 W/m z -Kx 0.0712m 

Bi = — — = — = = 1.68 or 

k k 0.634 W/m-K 

Fo = a t/r 2 =a t/L 2 =1.53xl0" 7 m 2 /sxt/(0.0712m) 2 =3.020xl0" 5 t. 

Continued 
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PROBLEM 5S.12 (Cont.) 



A trial-and-error solution is necessary. Begin by assuming a value of Fo; obtain the 

respective 6 D /9i values from Figures 5S.1 and 5S.4; test whether their product satisfies 
Equation (3). Two trials are shown as follows: 



Trial Fo t(hrs) V#i) wall 0 o l6 { \ 



cyl 



Ox 



w 



1 

2 



0.4 
0.3 



3.68 
2.75 



0.72 
0.78 



0.50 
0.68 



0o 

0.36 
0.53 



cyl 



For Trial 2, the product of 0.53 agrees closely with the value of 0.56 from Equation (2). 
Hence, it will take approximately 2 % hours to roast the meat. 



PROBLEM 5S.13 



KNOWN: A long alumina rod, initially at a uniform temperature of 850 K, is suddenly 
exposed to a cooler fluid. 

FIND: Temperature of the rod after 30 s, at an exposed end, T(0,0,t), and at an axial distance 
6mm from the end, T(0, 6 mm, t). 

SCHEMATIC: 



D=ZQ. 



mm 



7L= 350/C 



h = 500^1 jm^K^f 




x=6/ 



Alumina rod, 

T l -TXr,x,o)*a3oK 



T(0,6mm,t) 



ASSUMPTIONS: (1) Two-dimensional conduction in (r,x) directions, (2) Constant 
properties, (3) Convection coefficient is same on end and cylindrical surfaces. 

PROPERTIES: Table A-2, Alumina, poly crystalline aluminum oxide (assume 
f « (850 + 600)K/2 = 725K): p = 3970 kg/m 3 , c = 1154 J/kg-K, k = 12.4 W/m-K. 

ANALYSIS: First, check if system behaves as a lumped capacitance. Find 
,. _hL c _h(r o /2)_500W/m-K(0.010m/2)_ 



Bi: 



12.4 W/m-K 



0.202. 



Since Bi > 0.1, rod does not behave as spacewise isothermal object. Hence, treat rod as a 
semi-infinite cylinder, the multi-dimensional system Case (f), Figure 5S.11. 





Semi- infinite rod Jin finite cylinder^ Semi-infinite solid, S 

The product solution can be written as 

^(r,x,t) = ^ = ^Mx^M = C (r*,t*)xs(x*,t* 
0\_ 0\ 0\ \ ' \ 

Infinite cylinder, C(r*,t*). Using the Heisler charts with r* = r = 0 and 

-1 



Bi"^ 



hr 0 


-1 


k 





500 W/nT-Kx 0.01m 
12.4 W/m-K 



= 2.48. 



Evaluate a = k/pc = 2.71 x 10" 6 m 2 /s, find Fo = a t/r<? = 2.71x10 6 m 2 /s x 30s/(0.01m) 2 = 
0.812. From the Heisler chart, Figure 5S.4, with Bi" 1 = 2.48 and Fo = 0.812, read C(0,t*) = 
e(0,t)/9i = 0.61. 

Continued 
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PROBLEM 5S.13 (Cont.) 



Semi-infinite medium, S(x*,t*). Recognize this as Case (3), Figure 5.7. From Equation 5.60, 
note that the LHS needs to be transformed as follows, 



T - 1 L = i_ T - T °° 



Too ~Tj Tj -T c 



CO 



T-T 
S(x,t) = -L_ l « 



Thus, 



S(x,t) = l- 



erfc 



2(a t) 



1/2 



exp 



■30 



hx hat 

— + — =— 



erfc 



2(a t) 



1/2 



+ 



h(a t) 



1/2 



Evaluating this expression at the surface (x = 0) and 6 mm from the exposed end, find 

:) 2. 



S(0,30s) = l- 



erfc(O)- 



exp 



0 + 



500 W/m 2 • kT 2.7 1 x 10" 6 m 2 / s x 30s 



(12.4 W/m- K) z 



erfc 



500 W/m 2 ■ K ( 2.7 1 x 10" 6 m 2 / s x 30s 



0 + - 



1/2 



12.4 W/m-K 



S(0,30s) = 1 - ll - [exp (0. 1322)] [erfc (0.3636)]} = 0.693. 
Note that Table B.2 was used to evaluate the complementary error function, erfc(w). 



S(6mm,30s) = l- 



erfc 



0.006m 



2f2.71xl0" 6 m 2 /sx30s 



1/2 



exp 



500 W/m z -Kx 0.006m 



+ 0.1322 



[erfc (0.3327 + 0.3636)] 



= 0.835. 



12.4 W/m-K 

The product solution can now be evaluated for each location. At (0,0), 

e * (o, 0, t) = T ( 0 ^ 30s )- T °o = c / 0 t * j x s / Qft * \ = 0 6lx 0 . 69 3 = 0 .4 2 3. 

Hence, T(0,0,30s) = T^ +0.423 (Tj -T^) = 350K + 0.423(850-350)K = 561 K. < 

At (0,6mm), 

0* (0, 6mm,t) = C (o,t* j x S (6mm,t* j = 0.61 x 0.835 = 0.509 

T(0,6mm,30s) = 604K. < 



COMMENTS: Note that the temperature at which the properties were evaluated was a good 
estimate. 



PROBLEM 5S.14 



KNOWN: Stainless steel cylinder of Example 5S.1, 80-mm diameter by 60-mm length, initially at 

2 

600 K, suddenly quenched in an oil bath at 300 K with h = 500 W/m K. Use the Transient 
Conduction, Plane Wall and Cylinder models of IHT to obtain the following solutions. 

FIND: (a) Calculate the temperatures T(r,x,t) after 3 min: at the cylinder center, T(0, 0, 3 min), at the 
center of a circular face, T(0, L, 3 min), and at the midheight of the side, T(r Q , 0, 3 min); compare your 
results with those in the example; (b) Calculate and plot temperature histories at the cylinder center, 
T(0, 0, t), the mid-height of the side, T(r G , 0, t), for 0 < t < 10 min; comment on the gradients and what 
effect they might have on phase transformations and thermal stresses; and (c) For 0 < t < 10 min, 
calculate and plot the temperature histories at the cylinder center, T(0, 0, t), for convection coefficients 

of 500 and 1000 W/m 2 - K. 
SCHEMATIC: 




ASSUMPTIONS: (1) Two-dimensional conduction in r- and x-coordinates, (2) Constant properties. 

PROPERTIES: Stainless steel (Example 5S.1): p = 7900 kg/m 3 , c = 526 J/kg-K, k = 17.4 W/m-K. 

ANALYSIS: The following results were obtained using the Transient Conduction models for the 
Plane Wall and Cylinder of IHT. Salient portions of the code are provided in the Comments. 

(a) Following the methodology for a product solution outlined in Example 5S.1, the following results 



were obtained at t = t 0 = 3 min 

(r, x, t) P(x, t) C(r, t) T(r, x, t)-IHT T(r, x, t)-Ex 
(K) (K) 



0,0, t 0 0.6357 0.5388 402.7 405 

0,L,t o 0.4365 0.5388 370.5 372 

r Q , 0, t 0 0.6357 0.3273 362.4 365 



Continued 
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PROBLEM 5S.14 (Cont.) 



The temperatures from the one-term series calculations of the Example 5S.1 are systematically higher 
than those resulting from the IHT multiple-term series model, which is the more accurate method. 

(b) The temperature histories for the center and mid-height of the side locations are shown in the graph 
below. Note that at early times, the temperature difference between these locations, and hence the 
gradient, is large. Large differences could cause variations in microstructure and hence, mechanical 
properties, as well as induce residual thermal stresses. 

(c) Effect of doubling the convection coefficient is to increase the quenching rate, but much less than 
by a factor of two as can be seen in the graph below. 



Quenching with h = 500 W/m A 2.K Effect of increased conv. coeff. on quenching rate 




COMMENTS: From IHT menu for Transient Conduction I Plane Wall and Cylinder, the models 
were combined to solve the product solution. Key portions of the code, less the input variables, are 
copied below. 

// Plane wall temperature distribution 

// The temperature distribution is 

T_xtP = T_xt_trans("Plane Wall",xstar,FoP,BiP,Ti,Tinf) // Eq 5.39 
// The dimensionless parameters are 
xstar = x / L 

BiP = h*L/k //Eq5.9 
FoP= alpha * t / L A 2 // Eq 5.33 
alpha = k/ (rho * cp) 
// Dimensionless representation, P(x,t) 
P_xt = (T_xtP - Tint ) / (Ti - Tint) 

// Cylinder temperature distribution 

// The temperature distribution T(r,t) is 

T_rtC = T_xt_trans("Cylinder",rstar,FoC,BiC,Ti,Tinf) // Eq 5.47 

// The dimensionless parameters are 

rstar = r / ro 

BiC = h * ro / k 

FoC= alpha * t / ro A 2 

// Dimensionless representation, C(r,t) 

C_rt= (T_rtC - Tint ) / (Ti - Tint) 

// Product solution temperature distribution 

(T_xrt - Tint) / (Ti - Tint) = P_xt * C_rt 



PROBLEM 6.1 

KNOWN: Form of the velocity and temperature profiles for flow over a surface. 
FIND: Expressions for the friction and convection coefficients. 
SCHEMATIC: 




ANALYSIS: The shear stress at the wall is 



t s =ju 



d u 

77 



y=0 



A + 2By-3Cy^ 



y=0 



= A/u. 



Hence, the friction coefficient has the form, 



Cf = 



c f = 



r s 2Aju 
p uj,/ '2 pulj 

2Av 



1 00 



The convection coefficient is 

-k f (<?T/*y) " kf 



h = 



E + 2Fy-3Gy' 



Jy=0 



T -T 
x s x oo 



D-T 



X 



-k f E 



D-T 



■30 



COMMENTS: It is a simple matter to obtain the important surface parameters from 
knowledge of the corresponding boundary layer profiles. However, it is rarely a simple 
matter to determine the form of the profile. 
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PROBLEM 6.2 



KNOWN: Surface temperatures of a steel wall and temperature of water flowing over the 
wall. 

FIND: (a) Convection coefficient, (b) Temperature gradient in wall and in water at wall 
surface. 

SCHEMATIC: 




T v = * o'c 



t?x, cond i T~Sted wall 

^=_T . = inn 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in x, (3) 
Constant properties. 

PROPERTIES: Table A-l, Steel Type AISI 1010 (70°C = 343K), k s = 61.7 W/m-K; Table 
A-6, Water (32.5°C = 305K), k f = 0.62 W/m-K. 

ANALYSIS: (a) Applying an energy balance to the control surface at x = 0, it follows that 

H _ n " — PI 

4x,cond _ 4x,conv ~~ u 
and using the appropriate rate equations, 



T s,2- T s,l 



= n ( T s,l- T oo)- 



Hence, 



h = k^ T S;2 -T M=61 , 7 w/m-K 60^ = 7Q5w/m2K 
L T S;1 -Too 0.35m 15 ° C 

(b) The gradient in the wall at the surface is 

(dT/dx) = 3.2- T s,l = -^ = -171.4° C/m. 
V Js L 0.35m 

In the water at x = 0, the definition of h gives 
( dT/dx )f,x=0=-^( T s,l- T °o) 



(dT/dx) f;X=0 



kf 

705 W/m 2 ■ K 
0.62 W/m-K 




-0.35 



0 x(m 



(l5°c) = 



-17,056 C/m. 



COMMENTS: Note the relative magnitudes of the gradients. Why is there such a large 
difference? 
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PROBLEM 6.3 
KNOWN: Boundary layer temperature distribution. 
FIND: Surface heat flux. 
SCHEMATIC: 



Air, T M =400K 

Ujv^SOOOm- 1 
Pr=0.7 



ZMl5 =J[-exp(-Pr^) 
too ~'S 




X = 300K 



i ) i i i i d T-rm 



PROPERTIES: Table A-4, Air (T s = 300K): k = 0.0263 W/m-K 
ANALYSIS: Applying Fourier's law at y = 0, the heat flux is 

d T 



qs 



= -k- 



y=0 



= -k(T 00 -T s ) 



Pr^" 


exp 


_ -Pr U - y l 


V 




v \ 



y=0 



qS=-k(T 00 -T s )Pr^ 

qs =-0.0263 W/m-K (100K) 0.7x5000 1/m. 

2 



qs 



-9205 W/m^. 

COMMENTS: (1) Negative flux implies convection heat transfer to the surface. 
(2) Note use of k at T s to evaluate from Fourier's law. 
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PROBLEM 6.4 

KNOWN: Variation of h x with x for laminar flow over a flat plate. 
FIND: Ratio of average coefficient, h x , to local coefficient, h x , at x. 
SCHEMATIC: 




Thermal boundary layer f 

h x = Cx « where C 
is 3 consfant 



ANALYSIS: The average value of h x between 0 and x is 



— 1 r x C r x 1/0 

h x =-J h x dx=-I x" 1/2 dx 
x 0 x 0 

h x =^2x 1/2 =2Cx- 1/2 



h x =2h x . 
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PROBLEM 6.5 

KNOWN: Variation of local convection coefficient with x for free convection from a 
vertical heated plate. 

FIND: Ratio of average to local convection coefficient. 
SCHEMATIC: 




Boundary layer f 
h x = C x ^ where 
C is 3 cons+ani- 



ANALYSIS: The average coefficient from 0 to x is 



1 ^ C ^ 

h x = — [ h x dx = — ( x" 



1/4 



h x = 



dx 

x J o x J o 
4 C 3/4 _ 4 -1/4 _ 4 

A. — A. — 

3 x 3 3 



= -h x . 



Hence, 



h x= 4 
h x 3 - 



The variations with distance of the local and average convection coefficients are shown in the 
sketch. 




COMMENTS: Note that h x /h x =4/3 is independent of x. Hence the average coefficient 

4 

for an entire plate of length L is 111 = ~ > where Iil is the local coefficient at x = L. Note 
also that the average exceeds the local. Why? 
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PROBLEM 6.6 



KNOWN: Expression for the local heat transfer coefficient of a circular, hot gas jet at 
directed normal to a circular plate at T s of radius r D . 
FIND: Heat transfer rate to the plate by convection. 
SCHEMATIC: 




Je+, Too , h(r) = a + br 71 
% 



Plate, T s 




I / ^c ony 




ASSUMPTIONS: (1) Steady-state conditions, (2) Flow is axisymmetric about the plate, (3) 
For h(r), a and b are constants and n ^ -2. 

ANALYSIS: The convective heat transfer rate to the plate follows from Newton's law of 
cooling 



qconv=J d qconv=J h(r)-dA-(T 00 -T s ). 

The local heat transfer coefficient is known to have the form, 

h(r) = a + br n 

and the differential area on the plate surface is 

dA = 2;rr dr. 
Hence, the heat rate is 

qconv=| o (a + br n J-2* rdr-fToo-Tg) 

qconv = 2^-(T 00 -T s ) -r + -r 

2 n + 2 



qconv — 



a 2 , b n+2 



-r 0 + 



n + 2 



(Too-T s ). 



COMMENTS: Note the importance of the requirement, n ^ -2. Typically, the radius of the 
jet is much smaller than that of the plate. 
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PROBLEM 6.7 

KNOWN: Distribution of local convection coefficient for obstructed parallel flow over a flat 
plate. 

FIND: Average heat transfer coefficient and ratio of average to local at the trailing edge. 
SCHEMATIC: 




-> s 

■O ^7 ^7 ^ v@7 v©?/^ 



X=3 



777 



ANALYSIS: The average convection coefficient is 

hL=-f h x dx=-f 0.7 + 13.6x-3.4x 2 dx 
L J o L J o \ / 

h L = ^(o.7L + 6.8L 2 - 1 . 13L 3 j = 0.7 + 6.8L - 1 . 13L 2 

2 



h L = 0.7 + 6.8 (3) -1. 13(9) = 10.9 W/m z • K. 
The local coefficient at x = 3m is 

h L = 0.7 + 13.6(3) -3.4(9) = 10.9 W/m 2 • K. 

Hence, 

h L /h L =1.0. 

COMMENTS: The result hj^ /hj^ =1.0 is unique to x = 3m and is a consequence of the 
existence of a maximum for h x (x). The maximum occurs at x = 2m, where 

(dh x / dx) = 0 and (d 2 h x / dx 2 < O.j 
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PROBLEM 6.8 



KNOWN: Temperature distribution in boundary layer for air flow over a flat plate. 

FIND: Variation of local convection coefficient along the plate and value of average coefficient. 

SCHEMATIC: 

T(x,y) = 20 + 70e 6 °° Xy 




ANALYSIS: From Eq. 6.5, 

k ^ T /^y| y=0 _ + k(70x600x) 
(T s — Tqq ) (T s — Too ) 

where T s = T(x,0) = 90°C. Evaluating k at the arithmetic mean of the freestream and surface 
temperatures, T = (20 + 90)°C/2 = 55°C = 328 K, Table A.4 yields k = 0.0284 W/m-K. Hence, with 
T s - T^ = 70°C = 70 K, 

0.0284 W/m-K (42, 000x)K/m / / ? \ 

h = ^ '—— = 17x W/m-K 

70K I ' / 

and the convection coefficient increases linearly with x. 

100 f 
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PROBLEM 6.9 



KNOWN: Variation of local convection coefficient with distance x from a heated plate with a 
uniform temperature T s . 

FIND: (a) An expression for the average coefficient hi 2 for the section of length (x 2 - Xi) in terms of 
C, Xi and x 2 , and (b) An expression for hi 2 in terms of X] and x 2 , and the average coefficients h\ and 
I12 , corresponding to lengths xi and x 2 , respectively. 

SCHEMATIC: 



Too. u c 




szzzzzzz^zzzzzzz^zi 

' — »■ X X-| X2 



h 12 average 
for section 



dq' 



Xo - X 



<fezzzzzzzzz£z£zzzzzzft 



■I h 



dx 



ASSUMPTIONS: (1) Laminar flow over a plate with uniform surface temperature, T s , and (2) Spatial 

—1/2 

variation of local coefficient is of the form h x = Cx , where C is a constant. 

ANALYSIS: (a) The heat transfer rate per unit width from a longitudinal section, x 2 - Xi, can be 
expressed as 

qi2=hi2(x 2 -xi)(T s -T 00 ) 

where h^2 is the average coefficient for the section of length (x 2 - xi). The heat rate can also be 
written in terms of the local coefficient, Eq. (6.11), as 



(1) 



qi2 = J* 2 h x dx (T s - ^ ) = (T s - ^ ) J* 2 h x dx 



Combining Eq. (1) and (2), 

hl 2 1 ^ 



f 

(x 2 -x 1 )Jx 1 



h x dx 



(2) 



(3) 



—1/2 

and substituting for the form of the local coefficient, h x = Cx , find that 



h 12 = 



1 f 

(x 2 -x 1 )Jx 1 



X2 Cx- 1/2 dx = 



C 



-2 ~ x l 



.1/2 



1/2 



x 2 



.1/2 



= 2C 



4« 



x l 



^2" x l 



(4)< 



(b) The heat rate, given as Eq. (1), can also be expressed as 

qi2 = h 2 X2(T s -Too)-h 1 x 1 (T s -Too) (5) 

which is the difference between the heat rate for the plate over the section (0 - x 2 ) and over the section 
(0 - Xi). Combining Eqs. (1) and (5), find, 

h 12 ^ 2X2 " ElXl (6)< 
x 2" x l 

COMMENTS: (1) Note that, from Eq. 6.6, 



h x =-f X h x dx = -f X Cx" 1/2 dx = 2Cx" 
x J 0 x J 0 



1/2 



(7) 



or h x = 2h x . Substituting Eq. (7) into Eq. (6), see that the result is the same as Eq. (4). 
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PROBLEM 6.10 



KNOWN: Expression for face-averaged Nusselt numbers on a cylinder of rectangular cross 
section. Dimensions of the cylinder. 



FIND: Average heat transfer coefficient over the entire cylinder. Plausible explanation for 
variations in the face-averaged heat transfer coefficients. 



SCHEMATIC: 



Air 

V= 10 m/s 
T„ = 300 K 



c = 40 mm 




d = 30 mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties. 

PROPERTIES: Table A.4, air (300 K): k = 0.0263 W/m-K, v = 1.589 x 10' 5 m 2 /s, Pr = 0.707. 



ANALYSIS: 

For the square cylinder, c/d - 40 mm/30 mm - 1.33 



Re d = 



Vd _ 10 m/s x 30 x 10" 3 m 
v 1.589 x 10" 5 m 2 /s 



= 18,880 



Therefore, for the front face C = 0.674, m = Vi. For the sides, C = 0.107, m = 2/3 while for the 
back C = 0.153, m = 2/3. 



,1/3 



Front face: 

Nu df = 0.674 x 18,880 1/2 x 0.707 1/J = 82.44 
kNu d 



h f = 



0.0263 W/m-K x 82.44 „„„„„„ 2 v 
= 72.27 W/m 2 • K 

30 x 10" 3 m 



Side faces: 



Nu d s = 0.107 x 18,880 2/3 x 0.707 1/3 =67.36 



kNu 



d,s 



0.0263 W/m- Kx 67.36 =59 Q5w/m2 R 
30 x 10" 3 m 



Back face: 



Nu db =0.153 x 18,880 2/3 x 0.707 1/3 =96.43 



h b = 



kNu 



d,b 



0.0263 W/m-K x 96.43 „..._„ 2 v 
- = 84.54 W/m z • K 

30 x 10" 3 m 



Continued. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 6.11 

KNOWN: Radial distribution of local convection coefficient for flow normal to a circular 
disk. 

FIND: Expression for average Nusselt number. 
SCHEMATIC: 




KS6 



ASSUMPTIONS: Constant properties. 
ANALYSIS: The average convection coefficient is 



h = -4 hdA s 



l 0 

r kNu 

n = — — 



r ar 

h 

2 



l + a(r/r Q ) r 
n+2 



In rdr 



(n + 2)r 0 n 



0 



where Nu G is the Nusselt number at the stagnation point (r = 0). Hence, 



— hD ^ 
Nu D = — = 2Nu 0 



( r/r o) , a 



(n+2) 



( 

r 



V r oy 



Nu D =Nu D [l + 2a/(n + 2)] 

Nu D =[l+2a/(n+2)]0.8 14Re}f Pr 036 . < 

COMMENTS: The increase in h(r) with r may be explained in terms of the sharp turn which 
the boundary layer flow must make around the edge of the disk. The boundary layer 
accelerates and its thickness decreases as it makes the turn, causing the local convection 
coefficient to increase. 
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PROBLEM 6.12 



KNOWN: Convection correlation and temperature of an impinging air jet. Dimensions and initial 
temperature of a heated copper disk. Properties of the air and copper. 

FIND: Effect of jet velocity on temperature decay of disk following jet impingement. 

SCHEMATIC: 



T sur = 300 K 



Copper 
p = 8933 kg/m 3 
c = 425 J/kg-K 
k = 386 W/m-K 
£ = 0.8 

Tj= 1000 K, 7>=400K 




Air jet (7^= 300 K) 
V=4, 20, 50 m/s 
v = 38.8x1 0" 6 m 2 /s 
k = 0.0407 W/m-K 
Qconv Pr = 0.684 



L = 0.025 m 



D = 0.05 m 



ASSUMPTIONS: (1) Validity of lumped capacitance analysis, (2) Negligible heat transfer from sides 
and bottom of disk, (3) Constant properties. 

ANALYSIS: Performing an energy balance on the disk, it follows that 
E st = /jVcdT/dt = -A s (qconv + Qrad ) ■ Hence, with V = A S L, 

dT = h(T-T 00 ) + h r (T-T sur ) 
dt pch 

where, h r = so (T + T sur ) + T s ^ r j and, from the solution to Problem 6.11, 



f 



h = — Nud = — 
D D 



1 + 



2a 



O.SHRe^Pr 036 



With a = 0.30 and n = 2, it follows that 

h = (k/D)0.936Re^ /2 Pr a36 

where Re D = VD/v. Using the Lumped Capacitance Model of IHT, the following temperature histories 
were determined. 



Continued 
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PROBLEM 6.12 (Cont.) 




0 500 1000 1500 2000 2500 3000 

Time, t(s) 

— e— V = 4 m/s 
— A— V = 20 m/s 
— B— V = 50m/s 

The temperature decay becomes more pronounced with increasing V, and a final temperature of 400 K is 
reached at t = 2760, 1455 and 976s for V = 4, 20 and 50 m/s, respectively. 

COMMENTS: The maximum Biot number, Bi = (h + h r ) L /Icq, , is associated with V = 50 m/s 

(maximum h of 169 W/m 2 -K) and t = 0 (maximum h r of 64 W/m 2 -K), in which case the maximum Biot 
number is Bi = (233 W/m 2 -K)(0.025 m)/(386 W/m-K) = 0.015 < 0.1. Hence, the lumped capacitance 
approximation is valid. 
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PROBLEM 6.13 

KNOWN: Local convection coefficient on rotating disk. Radius and surface temperature of disk. 
Temperature of stagnant air. 

FIND: Local heat flux and total heat rate. Nature of boundary layer. 
SCHEMATIC: 




T s = 50°C 
Heater 



! — > r 



Boundary layer 
h = 20 W/m 2 -K 



Rotating 
disk 



r 0 = 100 mm 



ASSUMPTIONS: (1) Negligible heat transfer from back surface and edge of disk. 

ANALYSIS: If the local convection coefficient is independent of radius, the local heat flux at every 
point on the disk is 

q" = h(T s -T o0 ) = 20W/m 2 -K(50-20)°C = 600W/m 2 < 

— 2 

Since h is independent of location, h = h = 20W/m • K and the total power requirement is 
p elec = q = hA s ( T s " T oo ) = ( T s " T oo ) 



p elec =(20W/m 2 -KW(0.1m) 2 (50-20)°C = 18.9 W 



If the convection coefficient is independent of radius, the boundary layer must be of uniform thickness 
S. Within the boundary layer, air flow is principally in the circumferential direction. The 

circumferential velocity component uq corresponds to the rotational velocity of the disk at the surface 

(y = 0) and increases with increasing r (uq - Qr). The velocity decreases with increasing distance y 
from the surface, approaching zero at the outer edge of the boundary layer (y — > 5). 
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PROBLEM 6.14 



KNOWN: Air flow over a flat plate of known length, location of transition from laminar to 
turbulent flow, value of the critical Reynolds number. 

FIND: (a) Free stream velocity with properties evaluated at T = 350 K, (b) Expression for the 
average convection coefficient, h lam (x) , as a function of the distance x from the leading edge in 

the laminar region, (c) Expression for the average convection coefficient h turb (x) , as a function 

of the distance x from the leading edge in the turbulent region, (d) Compute and plot the local and 
average convection coefficients over the entire plate length. 

SCHEMATIC: 



T„, u 




' 'turb-^turb* 



^77777777777777777777777777. 



x Laminar 



Turbulent 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties. 

PROPERTIES: Table A.4, air (T = 350 K): k = 0.030 W/m-K, v = 20.92 x 10" 6 m 2 /s, Pr = 0.700. 
ANALYSIS: 

(a) Using air properties evaluated at 350 K with x c = 0.5 m, 

Re xc =-^^ = 5xl0 5 
v 

Uoo = 5 x 10 5 v/x c = 5 x 10 5 x 20.92 x 10" 6 m 2 / s/o.5 m = 20.9 m/s < 

(b) From Eq. 6.13, the average coefficient in the laminar region, 0 < x < x c , is 

hlamW =-L X hlam(^)^=-C lam f\" a5 dx=-C to x a5 =2C 1 ^x-°- 5 = 2h lam (x) (1) < 
x J U x J o X 



(c) The average coefficient in the turbulent region, x c < x < L, is 



Hurb 



00=- 



r x p x 

J 0 Ch lam( x ) dx + J x h turb( x ) dx 



,0.5 



'lam 



0.5 



,0.8 



+ C turb 



0.8 



Continued... 
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PROBLEM 6.14 (Cont.) 



h turb( x ) = 



2Ci am x?- 5 +1.25C turb fx a8 -x? i 



(2)< 



(d) The local and average coefficients, Eqs. (1) and (2) are plotted below as a function of x for the 
range 0 < x < L. 




Distance from leading edge, x (m) 



Local - laminar, x <= xc 
Local - turbulent, x => xc 



-e — Average - laminar, x <= xc 
-a — Average - turbulent, x => xc 
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PROBLEM 6.15 

KNOWN: Air speed and temperature in a wind tunnel. 



,8 



FIND: (a) Minimum plate length to achieve a Reynolds number of 10 , (b) Distance from 
leading edge at which transition would occur. 

SCHEMATIC: 



Air, 




-6 2, 



ASSUMPTIONS: (1) Isothermal conditions, T s = T^. 

PROPERTIES: Table A-4, Air (25°C = 298K): v = 15.71 x 10 "m"/s. 
ANALYSIS: (a) The Reynolds number is 

p UoqX _ UooX 



Re x = 



JU 



.8 



To achieve a Reynolds number of 1 x 10 , the minimum plate length is then 
_Re x K_ lxl ° 8 ( 15 - 71xlQ " 6m2/s ) 



L min =31-4 m. 



50 m/s 



(b) For a transition Reynolds number of 5 x 10' 



*c = 



Re x c v 



ixlO 5 ( 



15.71xl0" 6 m 2 /s] 



50 m/s 



x c = 0.157 m. 



COMMENTS: Note that 



x c Re x,c 



L Re L 

This expression may be used to quickly establish the location of transition from knowledge of 
Re x c and Rej^. 
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PROBLEM 6.16 



KNOWN: Transition Reynolds number. Velocity and temperature of atmospheric air, 
engine oil, and mercury flow over a flat plate. 

FIND: Distance from leading edge at which transition occurs for each fluid. 
SCHEMATIC: 

• X C *| 



Fluid, 




7 = 27 2 C or 
77 9 C 



//////// I 



ASSUMPTIONS: Transition Reynolds number is Re xc =5x10" 
PROPERTIES: For the fluids at T = 300 K and 350 K: 



Fluid 



Air (1 atm) 
Engine Oil 
Mercury 



Table 



A-4 
A-5 
A-5 



v(m 2 /s) 



T = 300 K 



15.89 x 10 
550 x 10" 6 
0.1125 x 10" 



T = 350 K 



20.92 x 10" ft 
41.7 x 10" 6 
0.0976 x 10"' 



ANALYSIS: The point of transition is 



x c — Re x c 



v 5xl0 5 



Uqo 1 m/s 



-v. 



Substituting appropriate viscosities, find 

x c (m) 

Fluid T = 300 K T = 350 K 



Air 
Oil 

Mercury 



7.95 

275 

0.056 



10.5 
20.9 
0.049 



COMMENTS: (1) Note the great disparity in transition length for the different fluids. Due 
to the effect which viscous forces have on attenuating the instabilities which bring about 
transition, the distance required to achieve transition increases with increasing v. (2) Note the 
temperature-dependence of the transition length, in particular for engine oil. (3) As shown in 
Example 6.4, the variation of the transition location can have a significant effect on the 
average heat transfer coefficient associated with convection to or from the plate. 
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PROBLEM 6.17 



KNOWN: Pressure dependence of the dynamic viscosity, thermal conductivity and specific heat. 

FIND: (a) Variation of the kinematic viscosity and thermal diffusivity with pressure for an 
incompressible liquid and an ideal gas, (b) Value of the thermal diffusivity of air at 350 K for 
pressures of 1, 5 and 10 atm, (c) Location where transition occurs for air flow over a flat plate 
with To, - 350 K, p = 1, 5 and 10 atm, and u K = 2 m/s. 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Transition at Re xc = 5 
x 10 5 , (4) Ideal gas behavior. 

PROPERTIES: Table A.4, air (350 K): li = 208.2 x 10" 7 N-s/m 2 , k = 0.030 W/m-K, c p = 1009 
J/kg-K, p = 0.995 kg/m 3 . 

ANALYSIS: 

(a) For an ideal gas 

p = pRT or p = p/RT (1) 
while for an incompressible liquid, p = constant (2) 
The kinematic viscosity is v = u/p (3) 

Therefore, for an ideal gas 

v = uRT/p or v oc p" 1 (4) < 

and for an incompressible liquid 

v = u/p or v is independent of pressure. < 

The thermal diffusivity is 

a = k/pc 

Therefore, for an ideal gas, 

a = kRT/pc or a«p 4 (6) < 

For an incompressible liquid a = k/pc or a is independent of pressure < 

(b) For T = 350 K, p = 1 atm, the thermal diffusivity of air is 

0.030 W/m-K nnn * 2 , ^ 

a = , = 29.9 x 10 6 m 2 /s < 

0.995 kg/m 3 x 1009 J/kg-K 



Using Equation 6, at p = 5 atm, 



Continued. 
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PROBLEM 6.17 ( Cont.) 



a = 29.9 x 10" 6 m 2 /s/5 = 5.98 x 10" 6 m 2 /s 



< 



At p = 10 atm, 



a = 29.9 x 10" 6 m 2 /s/10= 2.99 x 10" 6 m 2 /s 



< 



(c) For transition over a flat plate, 



Re xc = ^ = 5x 10 5 



Therefore 

x c = 5 x I0 5 (v/u x ) 

For T x = 350 K, p = 1 atm, 

v = |a/p = 208.2 x 10" 7 N • s/m 2 /0.995 kg/m 3 = 20.92 x 10~ 6 m 2 /s 
Using Equation 4, at p = 5 atm 

v = 20.92 x 10" 6 m 2 /s/5 = 4.18 x 10" 6 m 2 /s 
At p = 10 atm, 

v = 20.92 x 10" 6 m 2 /s/l0 = 2.09 x 10" 6 m 2 /s 

Therefore, at p = 1 atm 

x c = 5 x 10 5 x 20.92 x 10" 6 m 2 /s/(2m/s) = 5.23 m < 

At p = 5 atm, 

x c = 5 x 10 5 x 4.18 x 10" 6 m 2 /s/(2m/s) = 1.05 m < 
Atp = 10 atm 

x c = 5 x 10 5 x 2.09 x 10" 6 m 2 /s/(2m/s) = 0.523 m < 

COMMENT: Note the strong dependence of the transition length upon the pressure for the gas 
(the transition length is independent of pressure for the incompressible liquid). 
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PROBLEM 6.18 

KNOWN: Characteristic length, surface temperature and average heat flux for an object 
placed in an airstream of prescribed temperature and velocity. 

FIND: Average convection coefficient if characteristic length of object is increased by a 
factor of five and air velocity is decreased by a factor of five. 



SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties. 

ANALYSIS: For a particular geometry, 
Nu" L =f(Re L ,Pr). 

The Reynolds numbers for each case are 

_ (I00m/s)lm _ 100 m 2 /s 



Case 1: R e L,l = 

Case 2: R e L,2 = 



V 2 L 2 _ (20m/s)5m _ 1QQ m 2 /s 
v 2 y 2 v 2 



Hence, with vj = v 2 , ReL,i = ReL,2- Since Pr^ = Pr 2 , it follows that 
Hence, 



Nu L,2 =Nu L,f 



h2 L 2 /k 2 = h l L l /k l 

h 2 =hi^ = 0.2hi. 
L 2 

For Case 1, using the rate equation, the convection coefficient is 
qi=hl A l( T s- T oo)i 

h,= < q ' /A 'i =-, , ^ ft0OOW/m2 = 20OW/m 2 . K . 

(T s -X»\ (Tj-Ta), (4OO-30O)K 

Hence, it follows that for Case 2 

h 2 = 0.2 x 200 W/m 2 • K = 40 W/m 2 • K. < 

COMMENTS: If ReL,2 were not equal to ReL,i, it would be necessary to know the specific 
form of f(ReL, Pr) before h 2 could be determined. 
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PROBLEM 6.19 

KNOWN: Heat transfer rate from a turbine blade for prescribed operating conditions. 
FIND: Heat transfer rate from a larger blade operating under different conditions. 
SCHEMATIC: 




cSE> 

"Jp= 3- 
Vi=10 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Surface area A is 
directly proportional to characteristic length L, (4) Negligible radiation, (5) Blade shapes are 
geometrically similar. 

ANALYSIS: For a prescribed geometry, 

Nu = ^ = f(Re L ,Pr). 

The Reynolds numbers for the blades are 

Re L , i = ( ViLx / v) = 1 5 / v Re L , 2 = ( V 2 L 2 lv) = \5lv. 

Hence, with constant properties, ReL,i=ReL,2- Also, Pri = Pr 2 . Therefore, 

Nu 2 = Nu 1 
(h 2 L 2 /k) = (h 1 L 1 /k) 

h 2 =^-h 1= ^_— -91 

L2 L2 AiJV-Too) 
Hence, the heat rate for the second blade is 

r- / x Li A 2 ( T s,2- T cx)) 
q 2 = h 2 A 2 (T s2 -T 00 ) = -!- j- — (- qi 

_ T s ,2-Too (400-35) oq 
q2 T s,l- T oo qi (300-35)^ ^ 

q 2 = 2066 W. < 

COMMENTS: The slight variation of v from Case 1 to Case 2 would cause ReL ;2 to differ 

from ReLj. However, for the prescribed conditions, this non-constant property effect is 
small. 
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PROBLEM 6.20 



KNOWN: Experimental measurements of the heat transfer coefficient for a square bar in 
cross flow. 

FIND: (a) h for the condition when L = lm and V = 15m/s, (b) h for the condition when L 
= lm and V = 30m/s, (c) Effect of defining a side as the characteristic length. 



SCHEMATIC: 




O 



L - 0.5m Results 

V^ZOmfs h^SOW/m^K 



ASSUMPTIONS: (1) Functional form Nu = CRe m Pr n applies with C, m, n being 
constants, (2) Constant properties. 

ANALYSIS: (a) For the experiments and the condition L = lm and V = 15m/s, it follows 
that Pr as well as C, m, and n are constants. Hence 

hL oc (VL) m . 

Using the experimental results, find m. Substituting values 

im 



h 2 L 2 



V 2 L 2 



m 



50x0.5 
40x0.5 



20x0.5 
15x0.5 



giving m = 0.782. It follows then for L = lm and V = 15m/s, 



h=h! 



L 



VL 
Vi-Li 



m 



W 0.5 

= 50 — x 



m 



2. K 1.0 



15x1.0 



20x0.5 



0.782 



= 34.3W/m z -K. 



(b) For the condition L = lm and V = 30m/s, find 

im 



h=h 1 ^ 
L 



VL 
Vi-Li 



50- 



W 0.5 



m 



2. K 1.0 



30x1.0 
20x0.5 



0.782 



= 59.0W/m z -K. 



(c) If the characteristic length were chosen as a side rather than the diagonal, the value of C 
would change. However, the coefficients m and n would not change. 

COMMENTS: The foregoing Nusselt number relation is used frequently in heat transfer 
analysis, providing appropriate scaling for the effects of length, velocity, and fluid properties 
on the heat transfer coefficient. 
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PROBLEM 6.21 

KNOWN: Local Nusselt number correlation for flow over a roughened surface. 
FIND: Ratio of average heat transfer coefficient to local coefficient. 
SCHEMATIC: 




0-9 o 



M/ x = a04Rex Pr 



I I 'I > 71 



ANALYSIS: The local convection coefficient is obtained from the prescribed correlation, 



h x =Nu x - = 0.04-Re x " 9 Pr 1/3 
x x 

V l0.9 0.9 



h x = 0.04 k 



Pr^^l.Qx- 0 " 1 . 



To determine the average heat transfer coefficient for the length zero to x, 



h x =-j h x dx = -q| x" ul dx 



-0.1, 



x 0 



,0.9 



0 



h x =^_ = l.ll Cl x- 01 . 
x x 0.9 1 



Hence, the ratio of the average to local coefficient is 

-0.1 



h x _ 1.11 Ci x" 



Ci x 



■0.1 



= 1.11. 



COMMENTS: Note that Nu x /Nu x is also equal to 1.11. Note, however, that 

— 1 r x 

Nu v ^ —J Nu x dx. 

x x 0 
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PROBLEM 6.22 

KNOWN: Freestream velocity and average convection heat transfer associated with fluid 
flow over a surface of prescribed characteristic length. 

FIND: Values of Nu L ,ReL, Pr, j H for (a) air, (b) engine oil, (c) mercury, (d) water. 
SCHEMATIC: 





h=looWfm*-K 
T--300K 



PROPERTIES: For the fluids at 300K: 



Fluid 



Table 



v(m /s) 



k(W/m-K) 



a(m /s) 



Pr 



Air 

Engine Oil 

Mercury 

Water 



A.4 
A.5 
A.5 
A.6 



15.89 x 10 
550 x 10" 
0.113 x 10 
0.858 x 10" 



-6 



-6 



0.0263 
0.145 
8.54 
0.613 



22.5 x 10 
0.859 x 10" 
45.30 x 10" 

1.47 x 10" 



0.71 
6400 
0.025 
5.83 



ANALYSIS: The appropriate relations required are 



hL 

Nu, = — 
L k 



Re L = 



VL 



Pr = 



a 



jH = StPr 2/3 



Nu T 
St= L 



Re L Pr 



Fluid 



Nu, 



Re L 



Pr 



JH 



Air 

Engine Oil 

Mercury 

Water 



3802 
690 

11.7 
163 



6.29 x 10 
1.82 x 10 3 
8.85 x 10 f 
1.17 x 10 f 



0.71 
6403 
0.025 
5.84 



0.068 
0.0204 
4.52 x 10" 
7.74 x 10" 



COMMENTS: Note the wide range of Pr associated with the fluids. 
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PROBLEM 6.23 
KNOWN: Variation of h x with x for flow over a flat plate. 

FIND: Ratio of average Nusselt number for the entire plate to the local Nusselt number at x 
= L. 

SCHEMATIC: 




Thermal boundary tayer } 
h x = Cx where 



is a 



consianf 



ANALYSIS: The expressions for the local and average Nusselt numbers are 
h L L>--), 



Nut = 



Nu T = 



|L CL l/2 



_k k 
h L L 



where 



h L =ij L h x dx = ^j L x" 1/2 dx = ^L 1/2 = 2 CU 1/2 . 
L 0 L 0 L 



Hence, 



2CL" 1/2 (L)_ 2CL J 



Nu T = 



1/2 



and 



Nu, 



Nu L 



= 2. 



COMMENTS: Note the manner in which Nu L is defined in terms of hj^. Also note that 

— 1 r L 
Nu T J Nu x dx. 
L 0 
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PROBLEM 6.24 

KNOWN: Laminar boundary layer flow of air at 20°C and 1 atm having S t =1.13 8. 
FIND: Ratio S/S t when fluid is ethylene glycol for same conditions. 
SCHEMATIC: 





ASSUMPTIONS: (1) Laminar flow. 

PROPERTIES: Table A-4, Air (293K, 1 atm): Pr = 0.709; Table A- 5, Ethylene glycol 
(293K): Pr = 211. 

ANALYSIS: The Prandtl number strongly influences relative growth of the velocity, S, and 
thermal, S t , boundary layers. For laminar flow, the approximate relationship is given by 

where n is a positive coefficient. Substituting the values for air 

(0.709) n = — 
V ' 1.13 

find that n = 0.355. Hence, for ethylene glycol it follows that 

A = Pr 0.355 =2n 0.355 =6 _ 69 _ < 



COMMENTS: (1) For laminar flow, generally we find n = 0.33. In which case, 51 S t = 5.85. 

(2) Recognize the physical importance of v > a, which gives large values of the Prandtl 
number, and causes 8 > S t . 
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PROBLEM 6.25 

KNOWN: Air, water, engine oil or mercury at 300K in laminar, parallel flow over a flat plate. 
FIND: Sketch of velocity and thermal boundary layer thickness. 
ASSUMPTIONS: (1) Laminar flow. 
PROPERTIES: For the fluids at 300K: 



Fluid 


Table 


Pr 


Air 


A.4 


0.71 


Water 


A.6 


5.83 


Engine Oil 


A.5 


6400 


Mercury 


A.5 


0.025 



ANALYSIS: For laminar, boundary layer flow over a flat plate. 
St 

where n > 0. Hence, the boundary layers appear as shown below. 
Air: 



Water: 



Engine Oil: 



Mercury: 




> > > > > > ' 





ZD 



COMMENTS: Although Pr strongly influences relative boundary layer development in laminar 
flow, its influence is weak for turbulent flow. 
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PROBLEM 6.26 



KNOWN: Expression for the local heat transfer coefficient of air at prescribed velocity and 
temperature flowing over electronic elements on a circuit board and heat dissipation rate for a 4 x 4 
mm chip located 120mm from the leading edge. 



FIND: Surface temperature of the chip surface, T s . 
SCHEMATIC: 



■x 



£=4mm 



Appropriate correlation 
0.85 r, 1/5 




Chip 

^^SS-Board 



conV 



L^lZOmm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Power dissipated within chip is lost by convection 
across the upper surface only, (3) Chip surface is isothermal, (4) The average heat transfer coefficient 
for the chip surface is equivalent to the local value at x = L, (5) Negligible radiation. 

PROPERTIES: Table A-4, Air (assume T s = 45°C, T f = (45 + 25)/2 = 35°C = 308K, latm): v = 

6 2 3 
16.69 x 10" m /s, k = 26.9 x 10" W/m-K, Pr = 0.703. 



(1) 



ANALYSIS: From an energy balance on the chip (see above), 

qconv = Eg = 30W. 
Newton's law of cooling for the upper chip surface can be written as 

T s = Too + Qconv I h ^chip (2) 

where A c ^jp = P. Assume that the average heat transfer coefficient (h) over the chip surface is 

equivalent to the local coefficient evaluated at x = L. That is, h c hip « h x (Lj where the local 

coefficient can be evaluated from the special correlation for this situation, 

-10.85 



Nu -^ = 0.04 

x k 



Vx 



Pr 



1/3 



and substituting numerical values with x = L, find 

nO.85 

J/3 



h x = 0.04- 



h x =0.04 



VL 



Pr 1 



0.0269 W/m-K 



0.120 m 

The surface temperature of the chip is from Eq. (2), 



10 m/sx 0.120 m 
16.69 xlO" 6 m 2 /s 



0.85 



(0.703 ) 1/3 =107 W/m z K 



T s =25°C + 30xl0" 3 W/ 



107 W/m-Kx (0.004m)' 



= 42.5°C. 



COMMENTS: (1) Note that the estimated value for Tf used to evaluate the air properties was 
reasonable. (2) Alternatively, we could have evaluated h c hip by performing the integration of the 
local value, h(x). 
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PROBLEM 6.27 



KNOWN: Expression for the local heat transfer coefficient of air at prescribed velocity and 
temperature flowing over electronic elements on a circuit board and heat dissipation rate for a 4 x 
4 mm chip located 120 mm from the leading edge. Atmospheric pressure in Mexico City. 

FIND: (a) Surface temperature of chip, (b) Air velocity required for chip temperature to be the 
same at sea level. 



SCHEMATIC: 

► p = 76.5 kPa * . 

► ~Q=ZS°C 



mm 




Appropriate correlation 
Nu x = 0.04-Re x 0e5 Pr 1/S 



conV 
i 
i 



L=lZOmm 



E 9 =30*,W\ 



ASSUMPTIONS: (1) Steady-state conditions, (2) Power dissipated in chip is lost bey convection 
across the upper surface only, (3) Chip surface is isothermal, (4) The average heat transfer 
coefficient for the chip surface is equivalent to the local value at x = L, (5) Negligible radiation, 
(6) Ideal gas behavior. 

PROPERTIES: Table A.4, air (p = 1 atm, assume T s = 45 °C, T f = (45 °C + 25 °C)/2 = 35 °C): k 
= 0.0269 W/m-K, v = 16.69 x 10" 6 m 2 /s, Pr = 0.706. 

ANALYSIS: 

(a) From an energy balance on the chip (see above), 

q C onv=E g =30W. (1) 

Newton's law of cooling for the upper chip surface can be written as 

T s = + Qconv I h ^chip (2) 

where A c hip = I . From Assumption 4, h c jjjp « h x (Lj where the local coefficient can be 

evaluated from the correlation provided in Problem 6.35. 

n0.85 



Nu -^ = 0.04 



The kinematic viscosity is 
H 

v= — 
P 

while for an ideal gas, 
P 



Vx 



Pr 



1/3 



P = 



RT 



(3) 



(4) 



(5) 



Combining Equations 4 and 5 yields 

v oc p" 1 



(6) 
Continued. 
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PROBLEM 6.27 (Cont.) 



The Prandtl number is 



Pr= - = W ° - ^ 



a pk k 



(7) 



which is independent of pressure. 



Therefore, at sea level (p = 1 atm) 

k = 0.0269 W/m-K, v = 16.69 x 10" 6 m 2 /s, Pi = 0.706 

-.0.85 



h x = 0.04 



h v = 0.04 



VL 



Pr 



1/3 



0.0269 W/m-K 
0.120 m 



10 m/s x 0.120 m 
16.69 x 10' 6 m 2 /s 



0.85 



(0.706) 1/3 = 107 W/m 2 - K 



T =25°C+30xlO- j W 



107 W/m 2 • K x (0.004 m) 2 



= 42.5°C 



In Mexico City (p = 76.5 kPa) 

,n-6 2, TlOLSlPa 

v = 16.69 x 10 m /s x 

. 76.5kPa 

k = 0.0269 W/m-K, Pr = 0.706 



= 22.10 x 10" 6 m 2 /s 



h x = 0.04 



0.0269 W/m-K 
0.120 m 



10 m/s x 0.120 m 
22.10 x 10" 6 m 2 /s 



0.85 



(0.706) 173 -84.5 W/m 2 - K 



T = 25°C + 30 x 10 W 



84.5 W/m 2 • K x (0.004 m) 2 



= 47.2°C 



(b) For the same chip temperature, it is required that h x = 107 W/m -K. Therefore 

-i0.85 



h v = 107 W/m 2 • K = 0.04 



0.0269 W/mxK 
0.120 m 



Vx 0.120 m 
22.10 x 10" 6 m 2 /s 



(0.706) 



1/3 



From which we may find V = 13.2 m/s 



COMMENTS: (1) In Part (a), the chip surface temperature increased from 42.4 °C to 47.2 °C. 
This is considered to be significant and the electronics packaging engineer needs to consider the 
effect of large changes in atmospheric pressure on the efficacy of the electronics cooling scheme. 
(2) Careful consideration needs to be given to the effect changes in the atmospheric pressure on 
the kinematic viscosity and, in turn, on changes in transition lengths which might dramatically 
affect local convective heat transfer coefficients. 
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PROBLEM 6.28 

KNOWN: Location and dimensions of computer chip on a circuit board. Form of the convection 
correlation. Maximum allowable chip temperature and surface emissivity. Temperature of cooling air 
and surroundings. 

FIND: Effect of air velocity on maximum power dissipation, first without and then with consideration of 
radiation effects. 

SCHEMATIC: 



r SOf =25°c 



T= 25 °C 



/ = 4mm 




P T 

c, c,max 



1<\/<25m/s y/////y77}///V2 /7?///////J77?7I -<Mq 

I— x I (7- =85 °C, s = 0.8) 

' L = 120mm 

ASSUMPTIONS: (1) Steady-state, (2) Negligible temperature variations in chip, (3) Heat transfer 
exclusively from the top surface of the chip, (4) The local heat transfer coefficient at x = L provides a 
good approximation to the average heat transfer coefficient for the chip surface. 

PROPERTIES: Table A.4, air (T = (T^ +T c )/2 = 328 K): v = 18.71 x 10" 6 m 2 /s, k = 0.0284 W/m-K, 
Pr = 0.703. 

ANALYSIS: Performing an energy balance for a control surface about the chip, we obtain P c = q conv + 
q rad , where q conv = hA s (T c - ) , q rad = h r A s (T c - T sur ) , and h r = £-<t(T c + T sur )^T C 2 + T s „ r j . With 

h ~ hj^ , the convection coefficient may be determined from the correlation provided in Problem 6.26 

(Nu L = 0.04 Re?; 85 Pr 1/3 ). Hence, 



P C = 



0.04(k/L)Ref j 85 Pr 1/3 (T C -T 00 ) + OT (T C +T suj .)(t c 2 +T s 2 ur )(T c -T sur ) 



where Re L = VL/v. Computing the right side of this expression for 8 = 0 and s = 0.85, we obtain the 
following results. 



0.3 
0.25 

0.2 
0.15 

0.1 
0.05 
0 



10 15 
Velocity, V(m/s) 



epsilon = 0.85 
epsilon = 0 



Since h L increases as V° ' 85 , the chip power must increase with V in the same manner. Radiation exchange 
increases P c by a fixed, but small (6 mW) amount. While h L varies from 14.5 to 223 W/m 2 -K over the 
prescribed velocity range, h r = 6.5 W/m 2 -K is a constant, independent of V. 

COMMENTS: Alternatively, h could have been evaluated by integrating h x over the range 1 18 < x < 
122 mm to obtain the appropriate average. However, the value would be extremely close to h x = L - 
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PROBLEM 6.29 

KNOWN: Form of Nusselt number for flow of air or a dielectric liquid over components of a circuit 
card. 

FIND: Ratios of time constants associated with intermittent heating and cooling. Fluid that provides 
faster thermal response. 

PROPERTIES: Prescribed. Air: k = 0.026 W/m-K, v = 2 x 10" 5 m 2 /s, Pr = 0.71. Dielectric liquid: 
k = 0.064 W/m-K, v = 10" 6 rn7s, Pr = 25. 

ANALYSIS: From Eq. 5.7, the thermal time constant is 

H = = — 
hA s 

Since the only variable that changes with the fluid is the convection coefficient, where 



h = i N u T = -CRe™Pr n =-C 
L L L 



'VL^ m 



v v J 



Pr 11 



the desired ratio reduces to 



r t,air(a) _ h d _ k d 



r t,dielectric(d) h a k a 



v Pr a; 



r t,a 0.064 



r t>d 0.026 



2x10 



-5f"V 25 ^.33 



10" 



v0.71 y 



= 88.6 



Since its time constant is nearly two orders of magnitude smaller than that of the air, the dielectric 

liquid is clearly the fluid of choice. < 

COMMENTS: The accelerated testing procedure suggested by this problem is commonly used to test 
the durability of electronic packages. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 6.30 

KNOWN: Form of the Nusselt number correlation for forced convection and fluid properties. 

FIND: Expression for figure of merit Fp and values for air, water and a dielectric liquid. 

PROPERTIES: Prescribed. Air: k = 0.026 W/m-K, v = 1.6 x 10" 5 m 2 /s, Pr = 0.71. Water: k = 
0.600 W/m-K, v = 10" 6 m 2 /s, Pr = 5.0. Dielectric liquid: k = 0.064 W/m-K, v = 10" 6 m 2 /s, Pr = 25 

ANALYSIS: With Nu L ~ Re£ Pr , the convection coefficient may be expressed as 



h~ 



L 



VL 



Pr» - V 



m 



V V J 



1-m 



kPr 1 



.m 



The figure of merit is therefore 



Fp = 



kPr 11 



.m 



and for the three fluids, with m = 0.80 and n = 0.33, 



^(w-s 0 " 8 /m 2 - 6 -K) 



Air Water 



167 64,400 



Dielectric 
11,700 



Water is clearly the superior heat transfer fluid, while air is the least effective. 

COMMENTS: The figure of merit indicates that heat transfer is enhanced by fluids of large k, large 
Pr and small v. 
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PROBLEM 6.31 



KNOWN: Form of the Nusselt number correlation for forced convection and fluid properties. 
Properties of xenon and He-Xe mixture. Temperature and pressure. Expression for specific heat for 
monatomic gases. 

FIND: Figures of merit for air, pure helium, pure xenon, and He-Xe mixture containing 0.75 mole 
fraction of helium. 

PROPERTIES: Table A-4, Air (300 K): k = 0.0263 W/m-K, v= 15.89 x 10" 6 m 2 /s, Pr = 0.707. Table 
A-4, Helium (300 K): k = 0.152 W/m-K, v= 122 x 10" 6 m 2 /s, Pr = 0.680. Pure xenon (given): k = 
0.006 W/m-K, li = 24.14 x 10" 6 N-s/m 2 . He-Xe mixture (given): k = 0.0713 W/m-K, li = 25.95 x 10" 6 
N-s/m 2 . 

ANALYSIS: With Nu L ~ Re£ Pr , the convection coefficient may be expressed as 



L 



VL 

V v ) 



Pr"~ V 



L l-m 



kPr n 



The figure of merit is therefore 
r kPr 11 

F F =— - (1) 
v m 

For xenon and the He-Xe mixture, we must find the density and specific heat. Proceeding for pure 
xenon: 

VM 1 atmxl31.29kg/kmol , „„ , , 3 

p = = ~ — ~ = 5.33 kg/m 

^ T 8.205x10 m -atm/kmol-Kx300K 

5 m 5 8.315xl0 3 J/kmol-K 

c = = = 158 J/kg 

p I'M 2 131.29 kg/kmol 

Thus v= Li/p = 24.14 x 10" 6 N-s/m 2 /5.33 kg/m 3 = 4.53 x 10" 6 m 2 /s and Pr = Lic p /k = 24.14 x 10" 6 N-s/m 2 
x 158 J/kg/0.006 W/m-K = 0.636. 

For the He-Xe mixture, the molecular weight of the mixture can be found from 

^mix = °- 75 kmol He/kmol x 4.0 kg/kmol He + 0.25 kmol Xe/kmol x 13 1 .29 kg/kmol Xe 
= 35.82 kg/kmol 

from which we can calculate p = 1.46 kg/m 3 , c p = 580 J/kg-K, v- Lx/p = 25.95 x 10" 6 N-s/m 2 /1.46 
kg/m 3 = 1.78 x 10" 5 m 2 /s, and Pr = Li Cp /k = 25.95 x 10" 6 N-s/m 2 x 580 J/kg/0.0713 W/m-K = 0.211. 

Finally, for the four fluids, with m = 0.85 and n = 0.33, we can calculate the figure of merit from 
Equation (1): 

< 





F F (W-s°- 85 /m 2 ' 7 -K) 


Air 


281 


Helium 


284 


Xenon 


180 


He-Xe 


465 



COMMENTS: The effectiveness of the He-Xe mixture is much higher than that of pure He, pure Xe, 
or air. By blending He and Xe, the high thermal conductivity of helium and the high density of xenon 
are both exploited in a manner that leads to a high figure of merit. 
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PROBLEM 6.32 

KNOWN: Ambient, interior and dewpoint temperatures. Vehicle speed and dimensions of 
windshield. Heat transfer correlation for external flow. 

FIND: Minimum value of convection coefficient needed to prevent condensation on interior surface 
of windshield. 

SCHEMATIC: 




t = 6 mm 



L = 800 mm 



Xn,o 



'00,1 



1/h 0 



t/kn 



1/hi 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Constant properties. 

PROPERTIES: Table A-3, glass: k g = 1.4W/m-K. Prescribed, air: k = 0.023 W/m-K, v = 12.5 
10" 6 m 2 /s, Pr = 0.70. 

ANALYSIS: From the prescribed thermal circuit, conservation of energy yields 

T ■ — T ■ T ■ — T 

A 00,l ^S,! ^S,! x 00,O 



1/hi 



t/ka+l/h. 



where h Q may be obtained from the correlation 
Nu, 



_^L = 0.030 Re? 8 Pr 1/3 



With V = (70 mph x 1585 m/mile)/3600 s/h = 30.8 m/s, Re D = (30.8 m/s x 0.800 m)/12.5 x 10" 6 m 2 /s 
= 1.97 x 10 6 and 

- 0.023W/m-K / ^°- 8 



x o 



0.030 1.97 xl0 c 



0.800 m 

From the energy balance, with T s j = T^p = 10°C 



(0.70) 



1/3 



83.1W/m -K 



hi = 



( T oo,i T s i) 



— + =- 



v 



x o 



hi 



(10 + 15)°C 



(50-10)°C 



0.006 m 



1.4W/m-K 83.1W/m 2 -K 



- + 



^ =38.3W/m z -K < 

COMMENTS: The output of the fan in the automobile's heater/defroster system must maintain a 
velocity for flow over the inner surface that is large enough to provide the foregoing value of h| . In 

addition, the output of the heater must be sufficient to maintain the prescribed value of T^j at this 
velocity. 
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PROBLEM 6.33 



KNOWN: Characteristic length of a microscale chemical detector, free stream velocity and 
temperature, hydrogen wind tunnel pressure and free stream velocity. 

FIND: Model length scale and hydrogen temperature needed for similarity. 

SCHEMATIC: 



Air 

T„ = 25*C 
V = 10 m/s 
p = 1 atm 



L s = 80 nm 



Sensor 




Heated model 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible microscale 
or nanoscale effects, (4) Ideal gas behavior. 



PROPERTIES: Table A.4, air (T = 25 °C): Pr s = 0.707, v s = 15.71 x 10" 6 m7s, hydrogen (250 K) 
Pr = 0.707, v = 81.4 x 10" 6 m 2 /s. 

ANALYSIS: For similarity we require Re m = Re s and Pr m = Pr s . For the sensor, 



Re c = ^ 



10 m/s x 80 x 10" 6 m 
1.571 x 10" 5 m 2 /s 



= 50.93 



Pr, = 0.707 



For the model, Pr m = Pr s = 0.707. 



From Table A.4, we note Pr s = 0.707, v = 81.4 xlO" 6 m 2 /s at T^ = 250 K and p = 1 atm. 

The value of the Prandtl number is independent of pressure for an ideal gas. The kinematic 
viscosity is pressure-dependent. Hence, 



v(at 0.5 atm) = 
For an ideal gas, 



v(at 0.5 atm) = v(at 1.0 atm)x 



p(at 1.0 atm) 
p(at 0.5 atm) p(at 1.0 atm) p(at 0.5 atm) 

1.0 atm 



0.5 atm 



= 2v(at 1.0 atm) 



Therefore, 
v m 

For similarity, 



v m = 81.4 x 10" 6 m 2 /s x 2 = 163 x 10" 6 m 2 /s 



Continued. 
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PROBLEM 6.33 (Cont.) 



Re m = Re s = 50.93= Y^ = J1_^*^ 



163 x 10" 6 m 2 /s 



or L m = 16.6 x 10" 3 m = 16.6 mm < 

COMMENTS: (1) From Section 2.2.1, we know that the mean free path of air at room 
conditions is approximately 80 nm. Since L s is three orders of magnitude greater than the mean 
free path, the air may be treated as a continuum. (2) Hydrogen can leak from enclosures easily. 
By keeping the wind tunnel pressure below atmospheric, we avoid possible leakage of flammable 
hydrogen into the lab. Also, if leaks occur, air must enter the wind tunnel. It is much easier to seal 
against air leaks than hydrogen leaks. (3) Pr m = 0.707 at 100 K also. However, the operation of 
the hydrogen wind tunnel at such a low temperature would be much more difficult than at 250 K. 
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PROBLEM 6.34 

KNOWN: Drag force and air flow conditions associated with a flat plate. 

FIND: Rate of heat transfer from the plate. 

SCHEMATIC: 

T^IZCTC 

U„=40m/s _> 
T m --ZO°C " - 




F^omsN 



ASSUMPTIONS: (1) Chilton-Colburn analogy is applicable. 

PROPERTIES: Table A-4, Air (70°C,1 atm): p = 1.018 kg/m 3 , c p = 1009 J/kg-K, Pr = 0.70, 
v = 20.22 x 10" 6 m 2 /s. 

ANALYSIS: The rate of heat transfer from the plate is 
q = 2h(L 2 ) (T.-T^) 

where h may be obtained from the Chilton-Colburn analogy, 

l^^StPr^^^Pr 273 
2 p c p 

Cf = 1 H = 1 (0-075 N/2)/(0.2m) 2 = 5J6xlQ -4 

2 2 pu 2 /2 2 1.018 kg/m 3 (40 m/s) 2 / 2 

Hence, 

h = ^-pu o0 c p Pr" 2/3 

h = 5.76xl0" 4 (l.018kg/m 3 |40m/s (l009J/kg-K) (0.70) 



-2/3 



h = 30 W/m 2 • K. 



The heat rate is 



q = 2^30 W/m 2 -k| (0.2m) 2 (120-20)° C 



q = 240 W. < 

COMMENTS: Although the flow is laminar over the entire surface (ReL = UooL/v = 40 m/s 
6 2 5 

x 0.2m/20.22 x 10 m /s = 4.0 x 10 ), the pressure gradient is zero and the Chilton-Colburn 
analogy is applicable to average, as well as local, surface conditions. Note that the only 
contribution to the drag force is made by the surface shear stress. 
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PROBLEM 6.35 

KNOWN: Air flow conditions and drag force associated with a heater of prescribed surface 
temperature and area. 

FIND: Required heater power. 

SCHEMATIC: 

U^tfm/s, > / T % =MO a C 



T„=1S°C. 



I /~\ = U. iCO 777 

J i ■ i * i i — 9-F„ = 0. 



P't<*~ \\\\\\\ \ z ^ ^z-o.zsn 

ASSUMPTIONS: (1) Steady-state conditions, (2) Reynolds analogy is applicable, (3) 
Bottom surface is adiabatic. 

PROPERTIES: Table A-4, Air (T f = 350K, latm): p = 0.995 kg/m 3 , c p = 1009 J/kg-K, Pr = 
0.700. 

ANALYSIS: The average shear stress and friction coefficient are 

_ Fn 0.25 N , XT , 2 
r s =^- = - = lN/m 2 

A 0.25 m 2 

Cf = ^r~ = — =— = 8.93xl(r 3 . 

pu 2 /2 0.995 kg/m 3 (I5m/s) 2 / 2 

From the Reynolds analogy, 

h Cf „ _2/i 
St = = ^Pr z . 

P UooCp 2 

Solving for h and substituting numerical values, find 

h = 0.995 kg/m 3 (I5m/s) 1009 J/kg K ^8.93xl0" 3 11^ (0.7)" 



■2/3 



h = 85 W/m 2 • K. 



Hence, the heat rate is 

q = h A (T s -Too) = 85W/m 2 -K (o.25m 2 j (140-15)° C 

q = 2.66 kW. < 

COMMENTS: Due to bottom heat losses, which have been assumed negligible, the actual 
power requirement would exceed 2.66 kW. 
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PROBLEM 6.36 



KNOWN: Heat transfer correlation associated with parallel flow over a rough flat plate. 
Velocity and temperature of air flow over the plate. 

FIND: Surface shear stress 1 m from the leading edge. 

SCHEMATIC: 



T M = 300K ' * Nu x = 0.04 Re x Pr ' J 




\KJ / / / / \ 

X-lm H 



ASSUMPTIONS: (1) Modified Reynolds analogy is applicable, (2) Constant properties. 

PROPERTIES: Table A-4, Air (300K, latm): v = 15.89 x 10~ 6 m 2 /s, Pr = 0.71, p = 1.16 
kg/m . 

ANALYSIS: Applying the Chilton-Colburn analogy 

9L = St Pr 2/3_ Nu x pr 2/ 3 _ 0-04 Reg' 9 Pr 1/3 pr 2/ 3 
2 x Re x Pr Re x Pr 

^ = 0.04Re- x 0 " 1 

2 x 



where 



Re x = ^Wj = SOm/sxlm =315xlQt 
v 15.89xl0" 6 m 2 /s 



Hence, the friction coefficient is 

\-0.1 



C f =0.08 (3.15xl0 6 j ' = 0.0179 = r s /(pu J /2J 
and the surface shear stress is 

= C f [p u J / 2 j = 0.0179 x 1 . 16kg/m 3 (50 m/s) 2 / 2 



r s = 25.96 kg/m-s 2 = 25.96 N/m 2 . 
COMMENTS: Note that turbulent flow will exist at the designated location. 
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PROBLEM 6.37 



KNOWN: Dimensions and temperature of a thin, rough plate. Velocity of air flow parallel to 
plate (at an angle of 45° to a side). Heat transfer rate from plate to air. 



FIND: Drag force on plate. 
SCHEMATIC: 



Air 

7>20°C 
= 30 m/s 




T s = 80°C 



ASSUMPTIONS: (1) The modified Reynolds analogy holds, (2) Constant properties. 

PROPERTIES: Table A-4, Air (50°C = 323 K): c p = 1008 J/kg-K, Pr = 0.704. 

ANALYSIS: The modified Reynolds analogy, Equation 6.70, combined with the definition of the 
Stanton number, Equation 6.67, yields 



C f /2= (Nu/Re)Pr 



-1/3 



(1) 



The drag force is related to the friction coefficient according to 
f d = T s A s = c f -pu»A s /2 



(2) 



Combining Equations (1) and (2) 
p Nu r> -1/3 2 A 
Ke 



Substituting the definitions of Nu and Re, we find 



Pr -l/3 pu 2 ^ = AZ Pr -l/3 UooAs = A Pr 2/3 UQoAs 



Where L c is a characteristic length used to define Nu and Re. With hA s = q/ AT we have 



CpAT 



2/3 



2000 W x 30 m/s x (0.704) 
1008 J/kg • K x 60 K 



2/3 



■■ 0.785 N 



COMMENTS: (1) Heat transfer or friction coefficient correlations for this simple configuration 
apparently do not exist. (2) Experiments to measure the drag force would be relatively simple to 
implement and measured drag forces could be used to determine the heat transfer coefficients 
using the Reynolds analogy. (3) The solution demonstrates advantages associated with working 
the problem symbolically and only introducing numbers at the end. First, the length scale in Nu 
and Re did not have to be defined because it cancelled out. Second, the properties k, v, and p also 
cancelled out. 
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PROBLEM 6.38 

KNOWN: Nominal operating conditions of aircraft and characteristic length and average friction 
coefficient of wing. 

FIND: Average heat flux needed to maintain prescribed surface temperature of wing. 
SCHEMATIC: 



Electrical 
heater 



T m = -23°C 



V= 100 m/s 



Airfoil 



C f = 0.0025 




ASSUMPTIONS: (1) Applicability of modified Reynolds analogy, (2) Constant properties. 

PROPERTIES: Prescribed, Air: v = 16.3 x 10" 6 m 2 /s, k = 0.022 W/m-K, Pr = 0.72. 

ANALYSIS: The average heat flux that must be maintained over the surface of the air foil is 
q" = h (T s - T w ) , where the average convection coefficient may be obtained from the modified 
Reynolds analogy. 



L 



9t = St Pr 2/3 - NU L Pr 2/3 = Nu 
2 Re L Pr Re L Pr 



1/3 



Hence, with Re L = VL/v = 100m/s(2m)/16.3xl0 6 m 2 /s = 1.23xl0 7 , 



— 0.0025 / 
Nu T = 1 



|l.23xl0 7 j(0.72) 1/3 =13,780 



h = -Nu, 



0.022W/m-K 
2m 



(13,780) = 152W/m 2 -K 



q" = 1 52 W / m 2 • K [5 - ( -23)] °C = 4260 W / m 1 



COMMENTS: If the flow is turbulent over the entire airfoil, the modified Reynolds analogy 
provides a good measure of the relationship between surface friction and heat transfer. The relation 
becomes more approximate with increasing laminar boundary layer development on the surface and 
increasing values of the magnitude of the pressure gradient. 
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PROBLEM 6.39 

_ 2 

KNOWN: Average frictional shear stress of r s = 0.0625 N/m on upper surface of circuit board with 
densely packed integrated circuits (ICs) 

FIND: Allowable power dissipation from the upper surface of the board if the average surface 
temperature of the ICs must not exceed a rise of 25°C above ambient air temperature. 

SCHEMATIC: 

C$L> _____> f q cv /-Ts-T^SoC 

T > x s = 0.0625 N/m 2 / / A s = 120x120 mm 



Circuit board with densely packed ICs x e 

ASSUMPTIONS: (1) Steady-state conditions, (2) The modified Reynolds analogy is applicable, (3) 
Negligible heat transfer from bottom side of the circuit board, and (4) Thermophysical properties 
required for the analysis evaluated at 300 K, 

PROPERTIES: Table A-4, Air (T f = 300 K, 1 atm): p = 1.161 kg/m 3 , c p = 1007 J/kg-K, Pr = 0.707. 

ANALYSIS: The power dissipation from the circuit board can be calculated from the convection rate 
equation assuming an excess temperature (T s - Too) = 25°C. 

q = hA s (T s -T 00 ) (1) 

The average convection coefficient can be estimated from the Reynolds analogy and the measured 
average frictional shear stress r s . 

^ = StPr 2/3 Cf= St = (2,3,4) 

2 p\ 2 /2 P v Cp 

With V = Uqq and substituting numerical values, find h. 

T s _ h pr 2/3 



pV 2 P v c 



P 



r s C P.p r -2/3 



V 

h = ft ° 625 N/m 2 x 10 Q7J/kg. K 2/ 3 = w/m^K 

2m/s v ' 

Substituting this result into Eq. (1), the allowable power dissipation is 

q = 39.7 W7m 2 -Kx(0.120x 0.120) m 2 x 25 K = 14.3 W 

COMMENTS: For this analysis using the modified or Chilton-Colburn analogy, we found Cf = 
0.0269 and St = 0.0170. Using the Reynolds analogy, the results are slightly different with 

h = 31.5 W/m 2 -K and q = 11.3 W. 
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PROBLEM 6.40 

KNOWN: Evaporation rate of water from a lake. 
FIND: The convection mass transfer coefficient, h m . 
SCHEMATIC: 




ASSUMPTIONS: (1) Equilibrium at water vapor-liquid surface, (2) Isothermal conditions, 
(3) Perfect gas behavior of water vapor, (4) Air at standard atmospheric pressure. 

PROPERTIES: Table A-6, Saturated water vapor (300K): p AjSat = 0.03531 bar, p AjSat = 
l/vg = 0.02556 kg/m 3 . 

ANALYSIS: The convection mass transfer (evaporation) rate equation can be written in the 
form 

h -■ 



(PA,s -PA,oo) 
where 

PA,s = PA,sat' 
the saturation density at the temperature of the water and 
PA,oo = #>A,sat 

which follows from the definition of the relative humidity, § = p A /p As at an d perfect gas 
behavior. Hence, 

h - ^ 
11 m 



PA,sat{ l -0) 
and substituting numerical values, find 

- 0.1 kg/m 2 -hxl/3600s/h , cc 1A _ 3 , . 
h m = = 1.55x10 m/s. < 

0.02556 kg/m 3 (1-0.3) 

COMMENTS: (1) From knowledge of p A;S ab the perfect gas law could be used to obtain the 
saturation density. 

PA,sat^A 0.03531 bar x 18kg/kmol nmiiAav , 3 

PA sat = — = n — a = 0-02548 kg/m . 

^ 8.314xlO" 2 m J -bar/kmol-K(300K) 

This value is within 0.3% of that obtained from Table A-6. 



(2) Note that psychrometric charts could also be used to obtain p Asa t and p Aoo - 
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PROBLEM 6.41 

KNOWN: Evaporation rate from pan of water of prescribed diameter. Water temperature. Air 
temperature and relative humidity. 

FIND: (a) Convection mass transfer coefficient, (b) Evaporation rate for increased relative humidity, 
(c) Evaporation rate for increased temperature. 

SCHEMATIC: 



0^0 or 0.5 / /-A-S 

a£ — 

T S ,23X or47°C 



i. i . Wafer, D=0.Z3m 




ASSUMPTIONS: (1) Water vapor is saturated at liquid interface and may be approximated as a 
perfect gas. 

PROPERTIES: Table A-6, Saturated water vapor (T s = 296K): /?A,sat = w g = ( 49 - 4 m3/k g)"' = 
0.0202 kg/m 3 ; (T, = 320 K): p A sat = Vg 1 = |l3.98 m 3 /kg j 1 = 0.0715 kg/m 3 . 

ANALYSIS: (a) Since evaporation is a convection mass transfer process, the rate equation has the 
form rh eva p = h m A^/?A )S — Pa,oo ) anc * the mass transfer coefficient is 

r m evap 1.5xl0~ 5 kg/s _ m __ . . 

h m =7 o — w — " r = 9 - = 0.0179 m/s < 

a- D 2 /4 (p A?s -/?a,oo) (fl74)(0.23 m) z 0.0202 kg/m J 

with T s = Too = 23°C and ^ = 0. 

(b) If the relative humidity of the ambient air is increased to 50%, the ratio of the evaporation rates is 
m evap 

(^ oo =0.5)_h m A[/7 A?s (T s )-^ oo p A?s (T oo )]_ PA,s( T oo) 

; ~ — = - ; — 1 Pod ' ~ 



m, 



evap 



(&o=0) h m A PA,s( T s) PA,s( T s) 



Hence, rh eva p =0.5) = 1.5x10 ^kg/s 



1 Q5 0.0202 kg/m 3 
0.0202 kg/m 3 



= 0.75x10 5 kg/s. 



(c) If the temperature of the ambient air is increased from 23°C to 47°C, with = 0 for both cases, 
the ratio of the evaporation rates is 



m evap 


[t s =T 00 =47°C 


h m A PA,s 


! 47 ° c ! 


PA,s 


[47°c) 


m evap 


T S =T 00 =23°C 


h m A PA,s 


23°C 


PA,s 


23°c) 



/ , \ _ 5 0.0715 kg/m 3 _ 5 . 

Hence, m evap T s = = 47 C = 1.5x 10 3 kg/s ^— - = 5.31x 10 ^kg/s. < 

V 1 0.0202 kg/m 3 

COMMENTS: Note the highly nonlinear dependence of the evaporation rate on the water 
temperature. For a 24°C rise in T s ,m eva p increases by 350%. 
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PROBLEM 6.42 

KNOWN: Water temperature and air temperature and relative humidity. Surface recession 
rate. 

FIND: Mass evaporation rate per unit area. Convection mass transfer coefficient. 
SCHEMATIC: 



! Ma oti-h 

Wafer 

777777777777777777777777 



/ yi s a ,s, 's - 



ASSUMPTIONS: (1) Water vapor may be approximated as a perfect gas, (2) No water 
inflow; outflow is only due to evaporation. 

PROPERTIES: Table A-6, Saturated water: Vapor (305K), p g = Vg 1 = 0.0336 kg/m 3 ; 
Liquid (305K), p f = v" 1 =995 kg/m 3 . 

ANALYSIS: Applying conservation of species to a control volume about the water, 

-M A ,out = M A ,st 

d , , T s d , .„v . dH 



-m 



evap 



A = ^ (/?fV) = ^ (PfAH) = PfA df 



Substituting numerical values, find 

Aevap =~Pf— = -995kg/m 3 (-10" 4 m/h J (1/3600 s/h) 



dt 

5,, 2 



riie Va p = 2.76x10 ~"kg/s-m 



Because evaporation is a convection mass transfer process, it also follows that 

m evap = n A 
or in terms of the rate equation, 

mevap = n m (p\s ~ PA,oo ) = V [PA,sat ( T s ) ~ $»/>A,sat ( T oo ) 
m evap = h mPA,sat (305K) (l - ^ ) , 

and solving for the convection mass transfer coefficient, 

mevap 2.76xl0" 5 kg/s-m 2 

n m 



PA,sat( 305K ) (!-^oo) 0.0336 kg/m 3 (1-0.4) 

h m =1.37xl0" 3 m/s. < 

COMMENTS: Conservation of species has been applied in exactly the same way as a 
conservation of energy. Note the sign convention. 
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PROBLEM 6.43 

KNOWN: CO2 concentration in air and at the surface of a green leaf. Convection mass 
transfer coefficient. 

FIND: Rate of photosynthesis per unit area of leaf. 
SCHEMATIC: 




ANALYSIS: Assuming that the CO2 (species A) is consumed as a reactant in photosynthesis 
at the same rate that it is transferred across the atmospheric boundary layer, the rate of 
photosynthesis per unit leaf surface area is given by the rate equation, 

n A =h m(PA,oo-PA,s)- 
Substituting numerical values, find 

n" A =10" 2 m/s(6xl0" 4 -5xl0" 4 jkg/m 3 

n A =10~ 6 kg/s-m 2 . < 

COMMENTS: (1) It is recognized that CO2 transport is from the air to the leaf, and (pa,s " 
PA 00) m the rate equation has been replaced by (pa 00 - PA s)- 

(2) The atmospheric concentration of CO2 is known to be increasing by approximately 0.3% 

per year. This increase in pa,oo will have the effect of increasing the photosynthesis rate and 
hence plant biomass production. 
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PROBLEM 6.44 



KNOWN: Species concentration profile, C\(y), in a boundary layer at a particular location 
for flow over a surface. 

FIND: Expression for the mass transfer coefficient, h m , in terms of the profile constants, 

Ca,oo and Dab- Expression for the molar convection flux, Na- 

SCHEMATIC: 



^-Profile at given x, 




Surface, C AlS =F 



^ j species A 



ASSUMPTIONS: (1) Parameters D, E, and F are constants at any location x, (2) D AB , the 
mass diffusion coefficient of A through B, is known. 

ANALYSIS: The convection mass transfer coefficient is defined in terms of the 
concentration gradient at the wall, 



h m( x ) = - D AB 



^ c A^y| y = 0 



The gradient at the surface follows from the profile, C^Xy), 



dy 



y=0 



d 
Jy~ 



(Dy 2 +Ey + Fj 



= +E. 



Hence, 



h m( x ) = -- 



DabE 



y=0 

-DabE 

( C A,s" C A,oo) (F-C Aoo ) 
The molar flux follows from the rate equation, 

DabE 



N A = h m ( c A,s " c A,oo ) = 7- ^ r ■ (Ca,s " c A,oo ) • 

V As A, go j 



NX = -DabE < 

COMMENTS: It is important to recognize that the influence of species B is present in the 
property Dab- Otherwise, all the parameters relate to species A. 
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PROBLEM 6.45 



KNOWN: Cross flow of gas X over object with prescribed characteristic length L, Reynolds 
number, and average heat transfer coefficient. Thermophysical properties of gas X, liquid Y, 
and vapor Y. 

FIND: Average mass transfer coefficient for same object when impregnated with liquid Y 
and subjected to same flow conditions. 



SCHEMATIC: 




■quid X h mL 



'oo 



0.1m 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Vapor Y behaves as 
perfect gas 



PROPERTIES: 



(Given) 

GasX 
Liquid Y 
Vapor Y 



v(rn7s) 
21 x 10" 



k(W/m-K) 



0.030 

3.75 x 10" ? 0.665 

4.25 x 10" 5 0.023 
Mixture of gas X - vapor Y: Sc = 0.72 

ANALYSIS: The heat-mass transfer analogy may be written as 



a(m 2 /s) 

29 x 10"* 
1.65 x 10" 
4.55 x 10" 



Nu, =^ = f(Re L , Pr) 



Sh L = h ^' LL =f(Re L ,Sc) 



k v " ' "Dab 

The flow conditions are the same for both situations. Check values of Pr and Sc. For Pr, the 
properties are those for gas X (B). 



Pr = 



21x10 6 m 2 /s 



= 0.72 



«B 29xl0" 6 m 2 /s 

while Sc = 0.72 for the gas X (B) - vapor Y (A) mixture. It follows for this situation 

Dab 



L k L D^ 



or h m,L= h L 



Recognizing that 



D AB = v B / Sc = 21 .6 x 10" 6 m 2 / s/(0.72) = 30.0 x 10"°m z / s 
and substituting numerical values, find 

6 2 

- „^„ r , 2 T ^ 30.0x10" m /s n , ^ 

h mT =25W/m z -Kx = 0.0250 m/s. < 

m,L 0.030 W/m-K 

COMMENTS: Note that none of the thermophysical properties of liquid or vapor Y are 
required for the solution. Only the gas X properties and the Schmidt number (gas X - vapor 
Y) are required. 



6 m 2 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 6.46 

KNOWN: Free stream velocity and average convection mass transfer coefficient for fluid 
flow over a surface of prescribed characteristic length. 

FIND: Values of ShL, Re L , Sc and ^ for (a) air flow over water, (b) air flow over 
naphthalene, and (c) warm glycerol over ice. 

SCHEMATIC: 



(B) 

Air or glycerol 

T--300K 




(A) 
Water (v), 
naphthalene (v), 
or water (8) 



PROPERTIES: For the fluids at 300K: 

Table Fluid(s) 

A-4 Air 
A-5 Glycerin 

A-8 Water vapor - Air 

A- 8 Naphthalene - Air 

A-8 Water - Glycerol 

ANALYSIS: (a) Water ( vapor) - Air: 



h^L 

Sh L = 111 



(0.01m/s)lm 



Re L = 



Sc 



D AB 0.26xl0" 4 m 2 /s 
VL 



= 385 



(lm/s)lm 

v ' =6.29x10 



D 



AB 



15.89 xl0" 6 m 2 /s 
0.16xl0" 6 m 2 /s 

0.26xl0" 6 m 2 /s 



0.62 



v(m /s)xl0 

15.89 
634 



\ =St m Sc 2/3 =^Sc 2/3 =^i^(0.62) 2/3 =0.0073. 
■ to V lm/s V ' 



Sc = 2.56 ^=0.0187. 



(b) 'Naphthalene ( vapor) - Air: 

ShL =1613 Re L = 6.29xl0 4 

(c) Water (liquid) - Glycerol: 

ShL = 1-06 xlO 7 Re L =1577 Sc = 6.74xl0 5 Xi = 76.9. 
COMMENTS: Note the association of v with the freestream fluid B. 



D AB (m /s) 



0.26 x 10 
0.62 x 10" 
0.94 x 10" 
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PROBLEM 6.47 

KNOWN: Characteristic length, surface temperature, average heat flux and airstream conditions 
associated with an object of irregular shape. 

FIND: Whether similar behavior exists for alternative conditions, and average convection coefficient 
for similar cases. 

SCHEMATIC: 




Case: 


1 


2 


3 


4 


5 


L,m 


1 


2 


2 


2 


2 


V, m/s 


100 


50 


50 


50 


250 


p, atm 


1 


1 


0.2 


1 


0.2 


Too, K 


275 


275 


275 


300 


300 


Ts, K 


325 


325 


325 


300 


300 



v— > 

P — f> 

q",W/m 2 12,000 - 

h, W/m 2 • K 240 - 

D AB xlO 44 , m 2 /s - - - 1.12 1.12 

ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable; that is, f(Re L ,Pr) = f(Re L ,Sc), see 
Eqs. 6.50 and 6.54. 

PROPERTIES: Table A-4, Air (300K, 1 atm): Vj = 15.89xl0" 6 m 2 /s, = 0.71, ki = 0.0263 W/m • K. 
ANALYSIS: For Case 1, h = q"/(T s - Too) = 12,000 W/m 2 /50 K = 240 W/m 2 K. 

Re L1 =V 1 L 1 /v 1 =(l00m/sxlm)/15.89xl0" 6 m 2 /s = 6.29xl0 6 andPrj =0.71. 

V 7 L 9 50 m/s x 2m e. 
Case 2: Re L>2 = — — = = 6.29x10 , Pr 2 = 0.71. 

v 2 15.89 x 10" 6 m 2 /s 
From Eq. 6.50 it follows that Case 2 is analogous to Case 1. Hence Nu 2 = NUj and 

— hrLi ko — Li W lm j - 

h 2 = -!— - — = hj — = 240 = 120 W/m • K. < 

kj L 2 L 2 m 2 -K 2m 

_(. o 50 rn/s x 2m 6 
Case 3: With p = 0.2 atm, v 3 = 79.45x10 m / s and Re L 3 = — — = = 1.26x10 , = 0.71. 

v 3 79.45 x 10 _6 m 2 / s 

Since Re L 3 * Re L j, Case 3 is not analogous to Case 1. < 

v 4 15.89 x 10~ 6 m 2 /s 
Ca^e 4: Re L4 = Re L i, Sc 4 = — = = 0.142 * Prj . 

D AB,4 1.12xl0" 4 m 2 /s 

Hence, Case 4 is not analogous to Case 1. < 

V<;L<; 250 m/s x 2m ^ 
Case 5: Re L 5 = = = 6.29 x 10 = Re L j 

v 5 79.45 x 10" 6 m 2 / s 

Kc 79.45 xl0~ 6 m 2 /s 
Sc 5 = 5— = = 0.71 = Pij . 

D AB,5 1.12xl0" 4 m 2 /s 

Hence, conditions are analogous to Case 1, and with Sh 5 = Nu ( , 

Li D AB5 W lm 1.12xl0 _4 m 2 /s . 

h m5= h l ^ = 240 x x = 0.51 m/s. < 

L 5 kj m 2 . K 2m 0.0263 W/m ■ K 

COMMENTS: Note that Pr, k and Sc are independent of pressure, while V and D^g vary inversely 
with pressure. 
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PROBLEM 6.48 

KNOWN: Surface temperature and heat loss from a runner's body on a cool, spring day. 
Surface temperature and ambient air-conditions for a warm summer day. 

FIND: (a) Water loss on summer day, (b) Total heat loss on summer day. 

SCHEMATIC: 

J~ % .Z0*C,A 5 

V 

T m -10X 



s 

Case I 



V ■ 

0**0.6 




Cose Z 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable. Hence, from Eqs. 6.50 

and 6.54, f(ReL,Pr) is of same form as f(ReL,Sc), (2) Negligible surface evaporation for Case 
1, (3) Constant properties, (4) Water vapor is saturated for Case 2 surface and may be 
approximated as a perfect gas. 

PROPERTIES: Air (given): v = 1.6xl0" 5 m 2 /s, k = 0.026 W/m-K, Pr = 0.70; Water vapor - 

-5 2 

air (given): Dab = 2.3x10 rn /s; Table A-6, Saturated water vapor (T^ = 303K): 
PA,sat = Vg 1 = 0-030 kg/m 3 ; (T s = 308K) : p A sat = Vg 1 = 0.039 kg/m 3 , h fg = 2419 kJ/kg. 

ANALYSIS: (a) With Re L2 =Re L ,i and Sc=v/D AB = 1.6 xl0" 5 m 2 /s/2.3xl0" 5 m 2 /s=0.70=Pr, it 
follows that ShL = Nul- Hence 
h m L/D AB = hL/k 

h -K D AB _ qi DAB _ 500 W 2.3xlQ- 5 m 2 /s 

m k A^Tg-TooJj k A S (20K) 0.026 W/m-K 

Hence, from the rate equation, with A s as the wetted surface 
n A = h m A s (p A s - p A o0 ) = 

n A =0.0221 m 3 /s (0.039 -0.6x0.030) kg/m 3 =4.64 xl0" 4 kg/s. < 
(b) The total heat loss for Case 2 is comprised of sensible and latent contributions, where 
q2 = q S en+qiat = hA s (T s 2 -T o0) 2) + n A h fg . 

Hence, with h~A s = q x / (T S; i - i ) = 25 W/K, 

q 2 = 25 W/K (35-30)°C + 4.64xl0" 4 kg/sx2.419xl0 6 J/kg 

q 2 =125 W + 1122 W = 1247 W. < 
COMMENTS: Note the significance of the evaporative cooling effect. 



0.0221 



m/s. 



0.0221 






-A 


A s 


s 



PA,sat ( T s,2 ) " ^ooPA,sat ( T oo,2 )] 
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PROBLEM 6.49 

KNOWN: Heat transfer results for an irregularly shaped object. 

FIND: (a) The concentration, Ca, and partial pressure, pa, of vapor in an airstream for a 



drying process of an object of similar shape, (b) Average mass transfer flux, n^ ( kg/s • m 
SCHEMATIC: 



Pco'-latm C^S &ZOG 



T( x *f)=80T 

T^IOO'C 



V*60mfs 



Case 1 : Heat Transfer 



Case 2 




P A!t -0.03Z3atm 
T S =50°C 



ASSUMPTIONS: (1) Heat-mass transfer analogy applies, (b) Perfect gas behavior. 

PROPERTIES: Table A-4, Air (323K, 1 atm): v = 18.20x10" m /s, Pr = 0.703, k = 

28.0x10" W/m-K; Plastic vapor (given): M A = 82 kg/kmol, p sat (50°C) = 0.0323 atm, D AB = 

-5 2 
2.6x10 m Is. 

ANALYSIS: (a) Calculate Reynolds numbers 
ViLi 



Re! = 



120m/sxlm =6 _ 59xlQ 6 



v 18.2 x 10" 6 m 2 /s 



18.2xl0" 6 m 2 /s 



Re2= 60m/sx2m =659xlQ 6 

Note that 

Pq = 0.703 Sc 2 = 



v 



18.2xl0" 6 m 2 /s 



Dab 



2.6xl0" 5 m 2 /s 



= 0.700. 



Since Re^ = Re 2 and Pr^ = Sc2, the dimensionless solutions to the energy and species 
equations are identical. That is, from Eqs. 6.47 and 6.51, 



,y J = C A ^x ,y j 
C A" C A,s 



T-T 

Too - T s Ca,go — Qa,s 
where T* and Ca are defined by Eqs. 6.33 and 6.34, respectively. Now, determine 
PA,sat 



(1) 



C A,s = 



= |o.0323 atm/8.205 x 10" 2 m 3 • atm/kmol • K x (273 + 50) K j 



C A , S =1.219x10 3 kmol/kg. 



Continued 
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PROBLEM 6.49 (Cont.) 



Substituting numerical values in Eq. (1), 
C A = C A,s + ( C A,oo " Ca,s ) 



T -T 



3 W _*\ 3 (80-100)° C 

(0-100)° c 



C A =1.219 xlO" 3 kmol/m 3 + (o- 1.219 xl0~ 3 ) kmol/m 



C A =0.975x10 3 kmol/m 3 . < 
The vapor pressure is then 

PA = C A 9TT = 0.0258 atm. < 

9 

(b) For case 1, q" = 2000 W/m . The rate equations are 

q^h^-Tco) (2) 

nA=h m (C A?s -C A?00 )fW A . (3) 
From the analogy 

^T" hLi h m L 2 h L 2 k 

NuL=ShL -> L = — — - or ^ = — . (4) 

k D AB h m I4 D AB 

Combining Eqs. (2) - (4), 

„ = ^ (Ca, s -Ca,(»)% = „LiDab ( c a,s-Ca,^)^a 

HA q h (Ts-Too) q L 2 k ~ (Ts-Too) 

which numerically gives 

lm (2.6xl0" 5 m 2 /s) (l.219xl0~ 3 -oj kmol/m 3 (82kg/kmol) 



n" A = 2000 W/m 2 



2m(28xl0- 3 W/m-K) (100-0)K 



n A =9.28xl0" 4 kg/s-m 2 . < 

COMMENTS: Recognize that the analogy between heat and mass transfer applies when the 
conservation equations and boundary conditions are of the same form. 
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PROBLEM 6.50 

KNOWN: Convection heat transfer correlation for flow over a contoured surface. 

FIND: (a) Evaporation rate from a water film on the surface, (b) Steady-state film temperature. 

SCHEMATIC: 



"00 



= 0 



V=10m/s 
p=lafm 




Wafer film, T s 



ASSUMPTIONS: (1) Steady-state conditions, (b) Constant properties, (c) Negligible radiation, (d) 
Heat and mass transfer analogy is applicable. 

-6 2 

PROPERTIES: Table A-4, Air (300K, 1 atm): k = 0.0263 W/m-K, v = 15.89x10 m /s, Pr = 0.707; 

Table A-6, Water (T s * 280K): v„ = 130.4 m 3 /kg, h f „ = 2485 kJ/kg; Table A-8, Water-air (T * 298K): 
-4 2 

l^AB - 0.26x10 m /s. 

ANALYSIS: (a) The mass evaporation rate is 

m evap = n A = V A [PA,sat ( T s ) ~ &o PA,sat ( T oo )] = V A /? A;Sat (T s ) . 



From the heat and mass transfer analogy: 
VL (lOm/s) lm 



Sh L = 0.43 Re^ 58 Sc 0 4 



Re 



15.89xl0" 6 m 2 /s 



Sh L =0.43(6.29x10 
h 



0.58 



6.29xl0~ 



(0.61)°- 4 = 814 



Dab 



15.89x10 6 m 2 /s 
26xl0" 6 m 2 /s 



0.61 



Dab ^ l = 0.26xl0- 4 m 2 /s (814) = Q ^ ^ 



L lm 

PA,sat (T s ) = v g (T s ) _1 = 0.0077 kg/m 3 . 

Hence, rh evap = 0.021 2m/s x lm 2 x0.0077kg/m 3 =1.63xl0" 4 kg/s. 

(b) From a surface energy balance, q£ onv = levap' or 

(mevap h fg) 



h L ( T oo " T s ) = mevaphfg 



With 



Nul =0.43 6.29x10 



T =T 

x s x O0 



0.58 



(0.707)' 



0.4 



864 



- k— 0.0263 W/m-K orA ^ n „ TI 2 „ 

h L = — Nul = 864 = 22.7 W/m z • K. 

L lm 



Hence, 



T s =300K 



1.63xl0" 4 kg/s-m 2 (2.485xl0 6 J/kg 



= 282.2K. 



22.7 W/m^ -K 

COMMENTS: The saturated vapor density, sa (, is strongly temperature dependent, and if the 

initial guess of T s needed for its evaluation differed from the above result by more than a few degrees, 
the density would have to be evaluated at the new temperature and the calculations repeated. 
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PROBLEM 6.51 



KNOWN: Dimensions of rectangular naphthalene rod. Velocity and temperature of air flow. 
Molecular weight and saturation pressure of naphthalene. 

FIND: Mass loss after 30 minutes. 

SCHEMATIC: 

CD 

*~ d = 30 mm 

T M = 300 K 
V = 10m/s 



ASSUMPTIONS: (1) Constant properties, (2) Mass loss is small, so dimensions remain 
unchanged, (3) Viscosity of air-naphthalene mixture is approximately that of air. 

PROPERTIES: Table A-4, Air (300 K): v = 15.89 x 10" 6 m 2 /s. Table A-8, Naphthalene in air, 
(300 K): D AB = 0.62 x 10" 5 m 2 /s, Sc = v/D AB = 2.56. 

ANALYSIS: We will use the heat and mass transfer analogy, with the Nusselt number 
correlation known from Problem 6.10 to be of the form 

Nu d = CRe^Pr 173 

Then invoking Equation 6.59, 

Sh d =CRe^Sc 1/3 = h m d/D AB 

Now Re d = Vd/v = 10 m/s x 0.03 m/15.89xl0" 6 m 2 /s = 18,880 . We find the values of C and m 
from Problem 6.10 with c/d = 0.33, for the front, sides, and back of the rod: 





C 


m 


Sh d 


h m (m/s) 


front 


0.674 


1/2 


126.7 


0.0262 


sides 


0.153 


2/3 


148.5 


0.0307 


back 


0.174 


2/3 


168.8 


0.0349 



The average mass transfer coefficient is 

+ 2h m,side C + Vback d )/( 2d + 2C) 

_ 0.0262 m/s x 0.03 m + 2x0.0307 m/sx0.01 m + 0.0349 m/sx0.03 m 

2x0.03 m + 2x0.01 m 

= 0.0306 m/s 



Then the mass loss can be found from 

Am = n A At = h m A tot (p A s - p Ao0 )At 

Continued... 




naphthalene 

5W A = 128.16 kg/kmol 

PA,sat= 133 xlO^bars 
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PROBLEM 6.51 (Cont.) 



Here p A;0 o = 0 and p A , s can be found from the saturation pressure, using the ideal gas law: 

PA,sat PA,sat^A 



PA,s = 



RiT s <3T S 

1.33 x IP' 4 bar x 128.16 kg/kmol 
8.314 x 10" 2 m 3 • bar/kmol- K x 300 K 
= 6.83 x 10" 4 kg/m 3 



Thus, finally, 

Am = 0.0306 m/s x (2 x 0.03 m + 2 x 0.01 m) x 0.5 m 
x (6.83 x 10" 4 - 0) kg/m 3 x 30 min x 60 s/min 

= 1.50 x 10" 3 kg 



COMMENTS: The average depth of surface recession is given by 5 = h m (p As - p A x )At/p A sol 
where p Asol is the density of solid naphthalene, p Aso i = 1025 kg/m 3 . Thus 8 = 37 um and the 
assumption that the dimensions remain unchanged is good. 
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PROBLEM 6.52 



KNOWN: Surface area and temperature of a coated turbine blade. Temperature and pressure of air 
flow over the blade. Molecular weight and saturation vapor pressure of the naphthalene coating. 
Duration of air flow and corresponding mass loss of naphthalene due to sublimation. 

FIND: Average convection heat transfer coefficient. 

SCHEMATIC: 




Naphthalene coating 
T s = 27°C, A s = 0.05 m 2 
PA,sat= 1.33x10" 4 bar 
Am = 8 g for At = 30 min 



ASSUMPTIONS: (1) Applicability of heat and mass transfer analogy, (2) Negligible change in A s 
due to mass loss, (3) Naphthalene vapor behaves as an ideal gas, (4) Solid/vapor equilibrium at surface 
of coating, (5) Negligible vapor density in freestream of air flow. 

PROPERTIES: Table A-4, Air (T = 300K): p = 1.161 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10" 6 
m 2 /s. Table A-8, Naphthalene vapor/air (T = 300K): D A b = 0.62 x 10" 5 m 2 /s. 

ANALYSIS: From the rate equation for convection mass transfer, the average convection mass 
transfer coefficient may be expressed as 

- _ _ Am/ At 

A s(PA,s"PA,oo) A s PA,s 

where 

, s <M k PA,sat (I28.16kg/kmol)l.33xl0" 4 bar _ 4 3 

PA,s = PA,sat (T s ) = A ' = \ 1 ; = 6.83 x 10 4 kg / m 3 

0.08314m -bar/ kmol-K (300K) 

Hence, 

0.008 kg / (30 minx 60s / min ) 

V = fr 7 ^ = 0.13m/s 

0.05m z 6.83x10 4 kg/m 

Using the heat and mass transfer analogy with n = 1/3, we then obtain 

h = h m /?c p Le 2/3 =h m pc p = 0.130m/s(l.l61kg/m 3 jx 



°AB 

1007J/kg-K(22.5xl0" 6 /0.62xl0" 5 j 2/3 =359W/m 2 -K 



COMMENTS: The naphthalene sublimation technique has been used extensively to determine 
convection coefficients associated with complex flows and geometries. 
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PROBLEM 6.53 



KNOWN: Half-scale naphthalene model of human head. Velocity and temperature of air flow 
while skiing. Temperature of air in wind tunnel. Depth of recession after 120 min for three 
locations. Density of solid naphthalene. 

FIND: (a) Required wind tunnel velocity, (b) Heat transfer coefficients for full-scale head in 
skiing conditions, (c) Explain if uncovered regions would have same heat transfer coefficient 
when headgear is in place. 



SCHEMATIC: 



V s = 10 m/s 
T.^-IS-C 




09 



V = ? 

T„„ = 300 K 



L w = L s /2 



Ski conditions (s) 



Wind tunnel conditions (w) 



ASSUMPTIONS: (1) Constant properties, (2) Pr and Sc are raised to the one-third power in the 
heat and mass transfer correlations, (3) The properties of the air-naphthalene mixture are 
approximately those of air, (4) Properties can be evaluated at T^ under the skiing conditions. 

PROPERTIES: Table A-4, Air (-13°C = 260 K): v = 12.33 x 10" 6 m 2 /s, k = 23.1 x 10~ 3 W/m-K. 
Air (300 K): p = 1.161 kg/m 3 , c p = 1007 J/kg-K, v = 15.89 x 10" 6 m 2 /s, k = 26.3 xlO" 3 W/m-K, 
a = 22.5 x 10" 6 m 2 /s. Table A-8, Naphthalene in air, (300 K): D AB = 0.62 x 10" 5 m 2 /s. 



ANALYSIS: (a) In order for the results of the wind tunnel test to be directly applicable to the 
skiing conditions, the Reynolds numbers must be the same: 



Re s = Re w 



V sVv s = V w L w /v w 



v = V J±l^= 10 m/s x 2 x 



15.89 x 10" 6 m 2 /s 



L w v s 12.33 x 10" 6 m 2 /s 



= 25.8 m/s 



(b) The mass flux and mass transfer coefficient can be found from knowledge of the recession 
depth: 

n A = PA,sol5/At 

h m = n A/(pA,s " PA,») = Pa,so1 8/ (Pa,s " PA,o=) At 

where Pa.oo = 0 and p As can be found from the saturation pressure and molecular weight (see 
Problem 6.51) using the ideal gas law. 



Phi 



^A.sat^A 



1.33 x 10" 4 bars x 128.16 kg/kmol , _ . ..4. , 1 ^ 

= 6.83 x 10 kg/m <. 



8.3 14 x 10" 2 m 3 • bar/kmol • K x 300 K 



Continued.. 
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PROBLEM 6.53 (Cont.) 



Thus, with 5, =0.1 mm, 

h m t = 1025 kg/m 3 x 10" 4 m/(6.83 x 10" 4 kg/m 3 x 120 min x 60 s/min)= 2.08 x 10" 2 m/s 

Similarly for the other two locations, 

h m ,2 = 6.67 x 10" 2 m/s , h m>3 = 1.33 x 10" 1 m/s 

The heat transfer coefficients can then be found from the heat and mass transfer analogy as stated 
in Equation 6.60. 

h = h m pc p Le 1 " n 

where n = 1/3 and 

Le = a/D AB = (22.5 x 10" 6 m 2 /s)/(0.62 x 10" 5 m 2 /s) = 3.63 

Thus at location 1 , 

hi = 2.08 x 10" 2 m/s x 1.161 kg/m 3 x 1007 J/kg • K x (3.63) 2/3 = 57.4 W/m 2 • K 

And for the other two locations, 

h 2 = 184 W/m 2 -K, h 3 = 368 W/m 2 -K 

These values are for the half-scale model. Since the Reynolds number is the same in the wind 
tunnel as in the skiing conditions, the local Nusselt numbers are also the same (see Equation 
6.49), thus 

Nu s = Nu w h s L s /k s = h w L w /k w 

u u L w k s u ,« 23A x 10 " 3 W/m-K 
K = h„, -*--■-= h x 1/2 x 



w L s k w w " 26.3 x 10" 3 W/m-K 
Thus 

h sl = h wl x 0.439 = 57.4 W/m 2 -K x 0.439 = 25.2 W/m 2 -K < 
And similarily 

h s>2 = 80.8 W/m 2 -K, h s>3 = 162 W/m 2 -K < 

(c) When the headgear is in place, it will change the geometry of the surface and therefore change 
the heat transfer coefficients. The regions that are left uncovered will be recessed relative to the 
rest of the surface. This will probably reduce the local velocity near the surface slightly and 
reduce the local heat transfer coefficient. 

COMMENTS: (1) The properties should be evaluated at the "film temperature," T f = (T s + T x )/2. 
In the wind tunnel the conditions are isothermal, but in the ski conditions they are not. However 
the surface temperature is unknown and cannot be found without a more complex analysis of heat 
transfer in the body and the headgear (when present). (2) Heat loss is not the only consideration 
when designing winter clothing. Comfort is also important and exposed areas could be 
uncomfortably cold, even though areas with small heat transfer coefficients will be warmer than 
those with larger coefficients. 
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PROBLEM 6.54 

KNOWN: Mass transfer experimental results on a half-sized model representing an engine strut. 

FIND: (a) The coefficients C and m of the correlation ShL = CRe™ Sc^ for the mass transfer 
results, (b) Average heat transfer coefficient, h, for the full-sized strut with prescribed operating 
conditions, (c) Change in total heat rate if characteristic length Ljj is doubled. 
SCHEMATIC: 



Naphthalene. £u 



A^Z.ZL H £ 



X^ZTC 




%'70'C 



Z8Z 60,000 rr 1Q ^ I Straf 



fern Vi 1Z0p0 ° 

ft! moo ° p*>- l *+™ 

98? zmooo 




* Ltf = 60-mm 

Heat transfer 



Mass transfer 

ASSUMPTIONS: Analogy exists between heat and mass transfer. 

PROPERTIES: Table A-4, Air (T = (T^ +T s )/2 = 400K, 1 atm) : K=26.41xl0" 6 m 2 /s, k = 

0.0338 W/m-K, Pr = 0.690; (f = 300K): v b =15.89x10" 6 m 2 /s; Table A-8, Naphthalene-air 

(300K, 1 atm): = 0.62xl0" 5 m 2 Is, Sc = v B /D^ = 15.89 xl0" 6 m 2 /s/0.62xl0" 5 m 2 /s=2.56. 

ANALYSIS: (a) The correlation for the mass transfer experimental results is of the form 
ShL = CRe™ Sc^ . The constants C,m may be evaluated from two data sets of ShL and ReL; 
choosing the middle sets (2,3): 



K), (Re L ) 



m 

2 



log 



K), (Re L ) 



m 

3 



or m 



log 



Sh L ) 2 /Sh L )3] _ log [491/568] 



Re L ) 2 / Re L )a lo § [120,000/144,000] 



0.80. 



Then, using set 2, find C = 



Sh L ) : 



491 



Re™) Sc 1/3 (I20,000f 8 2.56 1/3 



■ = 0.031. 



(b) For the heat transfer analysis of the strut, the correlation will be of the form 
— 0 8 1/3 

Nul = h L -L H / k = 0.031 Re^ Pr 1 ' J where Re L = V L H / v and the constants C ,m were 

determined in Part (a). Substituting numerical values, 

n0.8 



hi = Nu L - — = 0.031 



60 m/sx 0.06 m 
26.41 xl0" 6 m 2 /s 



1/3 0.0338 W/m-K ? ^ 

0.690 1 ' J = 198 W/nT • K. < 



0.06 m 

(c) The total heat rate for the strut of characteristic length Ljj is q=h A s (T s - ) , where A s = 2.2 
L H -1 and 

h~Nu~L • L"^ ~ RE L 8 • L"^ ~ L^ 8 • L"^ ~ L~° 2 A s ~ L H 



Hence, q~h • A s ~ ^Lpj 2 j (Ljj ) ~ L 1 ^ 6 . If the characteristic length were doubled, the heat rate 

0.8 

would be increased by a factor of (2) = 1 .74. * 



0.8 
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PROBLEM 6.55 

KNOWN: Boundary layer temperature distribution for flow of dry air over water film. 
FIND: Evaporative mass flux and whether net energy transfer is to or from the water. 
SCHEMATIC: 



A, 00 ^ 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Water is well 
insulated from below. 

PROPERTIES: Table A-4, Air (T s = 300K, 1 atm): k = 0.0263 W/m-K; Table A-6, Water 
vapor (T s = 300K): p A s = Vg 1 = 0.0256 kg/m 3 , h fg = 2.438 x 10 6 J/kg; Table A-8, Air- water 

vapor (T s =300K): D ab =0.26xl0" 4 m 2 /s. 

ANALYSIS: From the heat and mass transfer analogy, 



PA~PA,s 



= 1 - exp 



-Sc 



UooY 



PA,k>~PA,s 

Using Fick's law at the surface (y = 0), the species flux is 



nX=-DAB 



d PA 



d y 



y=0 



+PA,s Dab Sc 

v 

n\ = 0.0256 kg/m 3 x 0.26xl0" 4 m 2 /s x (0.6)5000 m" 1 = 2.00xl0" 3 kg/s -m 2 . 
The net heat flux to the water has the form 



'I net _ ^conv _c levap 



= +k 



d T 



d y 



- nX h fg =k(T 00 -T s ) Pr ^- n^ h fg 



y=0 



and substituting numerical values, find 



q net = 0.0263 ^^(100K) 0.7 x 5000 m" 1 -2xl0" 3 ^^x 2.438xl0 6 J/kg 
m-K 



q net = 9205 W/m 2 - 4876 W/m 2 = 4329 W/m 2 . 



Since q net > 0, the net heat transfer is to the water. 



s-m 



COMMENTS: Note use of properties (D^b an d k) evaluated at T s to determine surface 
fluxes. 
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PROBLEM 6.56 



KNOWN: Distribution of local convection heat transfer coefficient for obstructed flow over 
a flat plate with surface and air temperatures of 310K and 290K, respectively. 

FIND: Average convection mass transfer coefficient. 

SCHEMATIC: 

-Naphthalene 
h x =0.7+13.6x-34x z 



Air 
* 



"t v©V ^7 ££r 

v i i } ) j / ) rn 



L = 3 m 5»] 



ASSUMPTIONS: Heat and mass transfer analogy is applicable. 

PROPERTIES: Table A-4, Air (T f = (T s + )/2 = (310 + 290) K/2 = 300 K, 1 atm): 

k = 0.0263 W/m-K, v = 15.89xl0~ 6 m 2 /s, Pr = 0.707. Table A-8, Air-napthalene (300K, 
1 atm): D^ =0.62xl0" 5 m 2 /s, Sc = vfDj^ = 2.56. 
ANALYSIS: The average heat transfer coefficient is 

h L =^J 0 L hxdx = ^-J 0 L (0.7 + 13.6x -3.4x 2 )dx 

h L =0.7 + 6.8L - 1.13L 2 =10.9 W/m 2 -K. 

Applying the heat and mass transfer analogy with n = 1/3, Equation 6.59 yields 

Nul = Sh L 
Pr 1/3 " Sc 1/3 

Hence, 

h m ,LL = h L L Sc 1/3 
DAB k Pr l/3 

DAfiSc 1/3 _ innw/ 7 ^0.62xl0- 5 m 2 /sf 2.56 V' 3 



h m L=hL . „ =10.9 W/m^ K 

k Pr 1/3 0.0263 W/m-K 



0.707 



h mL = 0.00395 m/s. 



COMMENTS: The napthalene sublimation method provides a useful tool for determining 
local convection coefficients. 
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PROBLEM 6.57 



KNOWN: Radial distribution of local Sherwood number for uniform flow normal to a 
circular disk. 

FIND: (a) Expression for average Nusselt number, (b) Heat rate for prescribed conditions. 
SCHEMATIC: 



r^-zsr, v — ^ 



D -20m m 




n=S.S i 3=1. Z 



T S =1Z5°C 



ASSUMPTIONS: (1) Constant properties, (2) Applicability of heat and mass transfer 
analogy. 

PROPERTIES: Table A-4, Air ft = 75°C = 348 k) : k = 0.0299 W/m • K, Pr = 0.70. 



ANALYSIS: (a) From the heat and mass transfer analogy, Equation 6.57, 
Nud Sh D 



Pr 036 Sc 036 



where 



ShD =7"U S Sh D (r)dA s =-^-2^ o ri + a(r/r 0 ) n lrdr 



k r n 



ShD = 2Sh ° 



% 2 



r 2 ar° +2 

+ 

2 



(n + 2)r 0 n 



= Sh 0 [l + 2a/(n + 2)] 



Hence, 

NuD=0.814[l+2a/(n+2)]Re^ 2 Pr 036 . 
(b) The heat rate for these conditions is 



q = hA (T s - ^ ) = 0.8 14 [l + 2a/ (n + 2)] — Re^ 2 Pr 



IttD 1 
.0.36 I 



D 



4 

1/2 



(Ts-Too) 



q = 0.814(1 + 2.4/7.5)0.0299 W/m-K(^0.02m/4)(5xl0 4 j (0.7) 0 - 36 (l00°cj 



q = 9.92W. < 

COMMENTS: The increase in h(r) with r may be explained in terms of the sharp turn which 
the boundary layer flow must make around the edge of the disk. The boundary layer 
accelerates and its thickness decreases as it makes the turn, causing the local convection 
coefficient to increase. 
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PROBLEM 6.58 




KNOWN: Convection heat transfer correlation for wetted surface of a sand grouse. Initial 
water content of surface. Velocity of bird and ambient air conditions. 

FIND: Flight distance for depletion of 50% of initial water content. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as a perfect gas, (3) 
Constant properties, (4) Applicability of heat and mass transfer analogy. 

PROPERTIES: Air (given): v = 16.7 x 10" 6 m 2 / s; Air-water vapor (given): 

Dab =0.26xl0" 4 m 2 /s; Table A-6, Water vapor (T s = 305 K): v g = 29.74 m 3 /kg; (T s = 310 

K), v g = 22.93 m 3 /kg. 

ANALYSIS: The maximum flight distance is 
X = Vt 

where the time to deplete 50% of the initial water content AM is 
AM AM 

*-max 



mevap h m A s (p A s - p A oo ) 
The mass transfer coefficient is 

h m = Sh L = 0.034Re 4/5 Sc 1/3 
m L L L 

Sc = WD AB = 0.642, L = (A S ) 1/2 =0.2m 

VL 30 m/sxQ.2m 5 
ReL = = t — ~ — = 3.59 x 10 

v 16.7xlO~V 2 /s 
h m = 0.034^3.59 xl0 5 j (0.642) 173 (o.26xlO" 4 m 2 /s/0.2 mj = 0.106 m/s. 

Hence, 

0.025 kg 



t 



a 



max 



0.106 m/s (o.04m 2 ) (29.74) 1 -0.25(22.93) 1 



kg/m 3 



■ = 259 s 



X max = 30 m/s ( 259 s) = 7785 m = 7.78 km. 



COMMENTS: Evaporative heat loss is balanced by convection heat transfer from air. 
Hence, T s < T^. 
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PROBLEM 6.59 



KNOWN: Water-soaked paper towel experiences simultaneous heat and mass transfer while subjected 
to parallel flow of air, irradiation from a radiant lamp bank, and radiation exchange with surroundings. 

Average convection coefficient estimated as h = 28.7 W/m 2 -K. 

FIND: (a) Rate at which water evaporates from the towel, n A (kg/s), and (b) The net rate of radiation 
transfer, q rad (W), to the towel. Determine the irradiation G (W/m 2 ). 

SCHEMATIC: 

Irradiation, '- 

G (W/m 2 ) 



7^= 290 K, d> = 0 

oo 

h = 28.7 W/m 2 -K 



I " I I 



sur 



300 K 



■levap 




Water-soaked paper towel, 
7 C = 310 K, ^ s = 92.5x92.5 mm 

0.96 



— Insulation 



ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as an ideal gas, (3) Constant 
properties, (4) Towel experiences radiation exchange with the large surroundings as well as irradiation 
from the lamps, (5) Negligible heat transfer from the bottom side of the towel, and (6) Applicability of 
the heat-mass transfer analogy. 

PROPERTIES: Table A.4, Air (T f = 300 K): p = 1.1614 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10" 6 m 2 /s; 
Table A.6, Water (310 K): p A , s = p g = l/v g = 1/22.93 = 0.0436 kg/m 3 , h fg = 2414 kJ/kg.Table A.8, Water- 
Air (T ~ 300 K): D AB = 0.26 x 10" 4 m 2 /s. 

ANALYSIS: (a) The evaporation rate from the towel is 

n A =h m A s (/7 A s -/?a,oo) 

where h m can be determined from the heat-mass transfer analogy, Eq. 6.60, with n = 1/3, 



h j 2/3 
= /7c„Le 

h p 

11 m 



a 



\2/3 



v d ab ; 



1.614 kg/iiTx 1007 J/kg-K 



22.5x10 0 



0.26x10" 



1476J/ni -K 



h m = 28.7 w/ m 2 • K/l476 j/ m 3 • K = 0.0194 m/s 
The evaporation rate is 

n A =0.0194m/sx(0.0925x0.0925)m 2 (0.0436-0)kg/m 3 = 7.25 xlO" 6 kg/s 

(b) Performing an energy balance on the towel considering processes of evaporation, convection and 
radiation, find 

Ein — E ou t = q C onv — levap + Irad = 0 

h~A s " T s ) - n A h fg + q rad = 0 

q rad = 7.25 x 10" 6 kg/s x 2414 x 10 3 J/kg - 28.7 w/ m 2 (0.0925 m) 2 (290 - 3 10) K 



Qrad =17.5W + 4.91W = 22.4W 



< 

Continued... 
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PROBLEM 6.59 (Cont.) 

The net radiation heat transfer to the towel is comprised of the absorbed irradiation and the net exchange 
between the surroundings and the towel, 

q rad = «GA S + £A s a(T S u r -T s 4 j 

22.4 W = 0.96G (0.0925 m) 2 + 0.96 x (0.0925 m) 2 5.67 x 10" 8 w/ m 2 • K 4 ^300 4 - 310 4 J K 4 

Solving, find the irradiation from the lamps, 

G = 2791 W/m 2 . < 

COMMENTS: (1) From the energy balance in Part (b), note that the heat rate by convection is 
considerably smaller than that by evaporation. 

(2) As we'll learn in Chapter 12, the lamp irradiation found in Part (c) is approximately 2 times that of 
solar irradiation to the earth's surface. 
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PROBLEM 6.60 

KNOWN: Thin layer of water on concrete surface experiences evaporation, convection with ambient 
air, and radiation exchange with the sky. Average convection coefficient estimated as h =53 W/m 2 -K. 

FIND: (a) Heat fluxes associated with convection, q conv , evaporation, q e vap > an ^ radiation exchange 

with the sky, q ra( j , (b) Use results to explain why the concrete is wet instead of dry, and (c) Direction 
of heat flow and the heat flux by conduction into or out of the concrete. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as an ideal gas, (3) Constant 
properties, (4) Water surface is small compare to large, isothermal surroundings (sky), and (4) 
Applicability of the heat-mass transfer analogy. 

PROPERTIES: Table A.4, Air (T f = (T. + T s )/2 = 282.5 K): p = 1.243 kg/m 3 , c p = 1007 J/kg-K, a = 
2.019 xlO 5 m 2 /s; Table A.8, Water-air (T f = 282.5 K): D AB = 0.26 x 10" 4 m 2 /s (282.5/298) 3/2 = 0.24 x 
10" 4 m 2 /s; Table A.6, Water (T s = 275 K): p A , s = p g = l/v g = 1/181.7 = 0.0055 kg/m 3 , h fg = 2497 kJ/kg; 
Table A.6, Water (T. = 290 K): p A , s = 1/69.7 = 0.0143 kg/m 3 . 

ANALYSIS: (a) The heat fluxes associated with the processes shown on the schematic are 
Convection: 

qconv =h(T o0 -T s ) = 53w/m 2 -K(290-275)K = +795w/m 2 < 
Radiation Exchange: 

Irad = £o-(T 4 -T 4 y ) = 0.96 x 5.76 xl0~ 8 w/m 2 • K 4 ^275 4 - 240 4 Jk 4 =+131w/m 2 < 
Evaporation: 

q^ap =n A hfg =-2.255xl0" 4 kg/s-m 2 x2497xl0 3 J/kg = -563.1w/m 2 < 

where the evaporation rate from the surface is 

n A = V ( PA,s ~ PA,oo ) = 0-050 m/s (0.0055 - 0.7 x 0.0143) kg/m 3 = -2.255 x 10" 4 kg/s • m 2 

Continued... 
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PROBLEM 6.60 (Cont.) 



and where the mass transfer coefficient is evaluated from the heat-mass transfer analogy, Eq. 6.60, with n 
= 1/3, 



'm 



2/3 

pc p Le = pc p 



f \2/3 
a 



Dab 



= 1 .243 kg/ m 3 x 1007 J/kg • K 



f 2.019 x!0~ 5 
0.26 xlO" 4 



x2/3 



^ = 1058J/m J -K 



1 m 



h m = 



53 w/m 2 • K/l058 j/m 3 • K = 0.050 m/s 



(b) From the foregoing evaporation calculations, note that water vapor from the air is condensing on the 
liquid water layer. That is, vapor is being transported to the surface, explaining why the concrete surface 
is wet, even without rain. 

(c) From an overall energy balance on the water film considering conduction in the concrete as shown in 
the schematic, 



Ein E OU { - 0 

Qconv ~ Qevap ~ %ad ~ Qcond = 0 
Qcond = Qconv ~ Qevap ~ %ad 
qcond =1795w/m 3 -(-563.1w/m 2 j-(+131w/m 2 j =1227w/ 

The heat flux by conduction is into the concrete. 



m 
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PROBLEM 6.61 



KNOWN: Heater power required to maintain wetted (water) plate at 27°C, and average convection 
coefficient for specified dry air temperature, case (a). 

FIND: Heater power required to maintain the plate at 37°C for the same dry air temperature if the 
convection coefficients remain unchanged, case (b). 



SCHEMATIC: 



Tqo = 32°C 
h = 20 W/m 2 -K 
=0 

Water film 
A s = 0.2 m 2 



^cv qevap 



27 



^cv qevap 
° C / / >~ 



A 



Case (a) 



P e , a = 432 W 



/ 



Case (b) 



P e ,b = ? 



ASSUMPTIONS: (1) Steady-state conditions, (2) Convection coefficients unchanged for different 
plate temperatures, (3) Air stream is dry at atmospheric pressure, and (4) Negligible heat transfer from 
the bottom side of the plate. 

PROPERTIES: Table A-6, Water (T s , a = 27°C = 300 K): p A , s = l/v g = 0.02556 kg/m 3 , h fg = 2.438 x 
10 6 J/kg; Water (T S;b = 37°C = 310 K): p A , s = l/v g = 0.04361 kg/m 3 , h fg = 2.414 x 10 6 J/kg. 

ANALYSIS: For case (a) with T s = 27°C and P e = 432 W, perform an energy balance on the plate to 
determine the mass transfer coefficient h m . 
Ein _ E out = 0 



P e,a (levap + 'lev ) A s — 0 
Substituting the rate equations and appropriate properties, 
p e,a -[h m (p A ,s "PA,oo)hfg + h(T s a - Too) 

432 W 



A s =0 



h m 0.02556 kg / m J - 0 x 2.438 x 10 u J / kg + 



20 W/m 2 -K(27-32)K 



x0.2 m =0 



where pa, s and hf g are evaluated at T s = 27°C = 300 K. Find, 
h m =0.0363 m/s 

For case (b), with T s = 37°C and the same values for h and h m , perform an energy balance to 
determine the heater power required to maintain this condition. 



p e,b" h m(PA,s-0)hfg+h(T s b -T o0 ) 



A s =0 



P Cjb - 0.0363 m/s(0.04361-0)kg/m 3 x2.414xl0 6 J/kg + 



20 W/m 2 -K(37-32) 



x0.2 m =0 



P e?b =784 W 
where pA, a an d hf g are evaluated at T s = 37°C = 310 K. 
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PROBLEM 6.62 



KNOWN: Dry air at 32°C flows over a wetted plate of width 1 m maintained at a surface temperature of 
27°C by an embedded heater supplying 432 W. 

FIND: (a) The evaporation rate of water from the plate, n A (kg/h) and (b) The plate temperature T s when 
all the water is evaporated, but the heater power remains the same. 



SCHEMATIC: 

7"™= 32 °C 



\Qconv j Qevap 



T s = 27 °C 



/ 



t 



P e = 432 W 



P e = 432 W 



-— I 

L =200 mm 



(a) Wetted plate (a) Dry p | ate 

ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as an ideal gas, (3) Constant 
properties, and (4) Applicability of the heat-mass transfer analogy. 

PROPERTIES: Table A.4, Air (T f = (32 + 27)°C/2 = 302.5 K): p = 1.153 kg/m 3 , c p = 1007 J/kg-K, a = 
2.287 xlO 5 m 2 /s; Table A.8, Water-air (T f * 300 K): D AB = 0.26 x 10" 4 m 2 /s; Table A.6, Water (T, = 
27°C = 300 K): p A , s = l/v g = 1/39.13 = 0.0256 kg/m 3 , h fg = 2438 kJ/kg. 

ANALYSIS: (a) Perform an energy balance on the wetted plate to obtain the evaporation rate, n A . 
Ein ~~ E ou t =0 P e + q conv ~~ Qevap = 0 

P e +hA s (T oo -T s )-n A h fg =0 (1) 
In order to find h , invoke the heat-mass transfer analogy, Eq. (6.60) with n = 1/3, 
h 



2/3 

pc p Le = pc p 



f a \™ 



V D AB J 



1.153 kg/m xl007j/kg-K 



f - 5 \ 2 ^ 
2.287x10 



0.26 xl0~ 



1066 J/ m 3 -K (2) 



The evaporation rate equation 

n A = V A s(PA,s-PA,oo) 
Substituting Eqs. (2) and (3) into Eq. (1), find h m 

P e + (l066 j/m 3 • K V ) A s (T^ - T s ) - VA S (p Ks - p A;00 ) h fg = 0 (4) 

432 W + 1066 j/m 3 • K(32 - 27) K - (0.0256 - 0)kg/m 3 x 2438 x 10 3 J/kg (0.200 x l) m 2 • = 0 

432 + [5330 - 62,413] x 0.20 h^ = 0 
lV = 0.0378 m/s 
Using Eq. (3), find 

n A =0.0378m/s(0.200xl)m 2 (0.0256-0)kg/m 3 = 1.94xl0" 4 kg/s = 0.70 kg/h < 
(b) When the plate is dry, all the power must be removed by convection, 

P e = qconv = hA s (T s - TJ 
Assuming h is the same as for conditions with the wetted plate, 

T s =T 00 +P e /hA s =T 00 +P e /(l066V)A s 



T s = 32°C + 432 w/(l066 x 0.0378 w/ m 2 • K x 0.200m 2 j = 85.6°C 
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PROBLEM 6.63 

KNOWN: Surface temperature of a 20-mm diameter sphere is 32°C when dissipating 2.51 W in a dry 
air stream at 22°C. 

FIND: Power required by the imbedded heater to maintain the sphere at 32°C if its outer surface has a 
thin porous covering saturated with water for the same dry air temperature. 



SCHEMATIC: 

-A 



T m = 22°C 
4>oo = 0 




32°C 



P e , d = 2.51 W q eva ^ 

Sphere, D = 20 mm 
Dry condition (d) Wet condition (w) 




Water film 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat and mass transfer analogy is applicable, (3) 
Heat transfer convection coefficient is the same for the dry and wet condition, and (3) Properties of air 
and the diffusion coefficient of the air-water vapor mixture evaluated at 300 K. 

PROPERTIES: Table A-4, Air (300 K, 1 atm): p = 1.1614 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10" 6 
m /s; Table A-8, Water-air mixture (300 K, 1 atm): D A -b = 0.26 x 10" 4 m 2 /s; Table A-4, Water (305 
K, 1 atm): p A , s = l/v g = 0.03362 kg/m 3 , h fg = 2.426 x 10 6 J/kg. 

ANALYSIS: For the dry case (d), perform an energy balance on the sphere and calculate the heat 
transfer convection coefficient. 



Pe,d-hA s (T s -T oo ) = 0 
2 



^in ^out — P ec j q cv — 0 

2.51 W-hV (0.020 m) 2 x(32-22)K = 0 h = 200 W / m~ ■ K 

Use the heat-mass analogy, Eq. (6.60) with n = 1/3, to determine h m . 

h a 



= pc x 



"m 



v D ABy 



200 W/m -K =L1614 kg/m 3 xl007 j/ kg . K 



f -6 2 ^ 

22.5x10 °m z /s 1 

v 0.26xl0" 4 m 2 /s y 



2/3 



h m =0.188 m/s 

For the wet case (w), perform an energy balance on the wetted sphere using values for h and h m to 
determine the power required to maintain the same surface temperature. 

^in — ^out — Pe,w — lev — levap ~ 0 



P e,w -[ h ( T s- T oo)+h m (/ 7 A,s-/ 7 A,oo)h fg ]A s =0 



L e,w 



L e,w 



200 W/m 2 -K(32-22)K + 

0.188 m/ s (0.03362 - 0)kg/m 3 x 2.426 xlO 6 J /kg n (0.020 m) 2 =0 
21.8 W < 



COMMENTS: Note that p A ,s and hf g for the mass transfer rate equation are evaluated at T s = 32°C = 
305 K, not 300 K. The effect of evaporation is to require nearly 8.5 times more power to maintain the 
same surface temperature. 
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PROBLEM 6.64 

KNOWN: Operating temperature, ambient air conditions and make-up water requirements 
for a hot tub. 

FIND: Heater power required to maintain prescribed conditions. 
SCHEMATIC: 



"V > ^ 



To=Z90K t 
0 m =O.3O 



T=Z10K 



£ — rh-10 3 kg/s=m evap 
T= 310K 



fee 



ASSUMPTIONS: (1) Side wall and bottom are adiabatic, (2) Heat and mass transfer 
analogy is applicable. 

PROPERTIES: Table A-4, Air (f = 300K, 1 arm) : p = 1.161 kg/m 3 , c p = 1007 J/kg-K, 

6 2 

a = 22.5x 10" m /s; Table A-6, Sat. water vapor (T = 310K): h fg = 2414 kJ/kg, pA,sat( T ) = 
l/v„ = (22.93m 3 /kg)" 1 = 0.0436 kg/m 3 ; (T^ = 290K): p A sat(Too) = l/v B = (69.7 m 3 /kg) _1 = 
0.0143 kg/m ; Table A-8, Air-water vapor (298K): D AB = 26 x 10" m /s. 
ANALYSIS: Applying an energy balance to the control volume, 

qelec = qconv + Qevap = h A (T - T^ ) + m evap h fg (T) . 
Obtain h A from Eq. 6.60 with n = 1/3, 

i = i^ = pc p Le 2/3 
h m h m A v 

hA-h A/)cLe 2/3 - meva P „ cLe 2/3 

n a - n m /\ p CpLe - p c p i.e . 

PA,sat ( T J " <Poo PA,sat ( T oo J 

Substituting numerical values, 

Le = «/D AB = ^22.5 x 10" 6 m 2 / s j / 26 x 10" 6 m 2 / s = 0.865 

hA = 1Q ~ 3 kg/s -1.16l4xl007^-(0.865) 2/3 

[0.0436-0.3x0.0143] kg/m 3 m 3 k g" K 

h~A = 27.0 W/K. 
Hence, the required heater power is 

q elec = 27.0W/K(310-290)K + 10" 3 kg/sx2414kJ/kgxl000J/kJ 

qelec = (540 + 2414) W = 2954 W. < 
COMMENTS: The evaporative heat loss is dominant. 
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PROBLEM 6.65 

KNOWN: Water freezing under conditions for which the air temperature exceeds 0°C. 

FIND: (a) Lowest air temperature, T^, before freezing occurs, neglecting evaporation, (b) 
The mass transfer coefficient, h m , for the evaporation process, (c) Lowest air temperature, 
Too, before freezing occurs, including evaporation. 
SCHEMATIC: 

(Air 




Wa/er 

No evaporation 



s 
r 



With evaporation 

ASSUMPTIONS: (1) Steady-state conditions, (2) Water insulated from ground, (3) Water 
surface has 8 = 1, (4) Heat-mass transfer analogy applies, (5) Ambient air is dry. 

PROPERTIES: Table A-4, Air (T f * 2.5°C * 276K, 1 atm): p = 1.2734 kg/m 3 , c p = 1006 
J/kg-K, a = 19.3 x 10" 6 m 2 /s; Table A-6, Water vapor (273. 15K): h fg = 2502 kJ/kg, p g = l/v g 
= 4.847 x 10" 3 kg/m 3 ; Table A-8, Water vapor - air (298K): D AB = 0.26 x 10" 4 m 2 / s. 

ANALYSIS: (a) Neglecting evaporation and performing an energy balance, 
Qconv ~~ Qrad = 0 

h^-T^-^lf -1^1 = 0 or Too =T s+ (^/h) (T s 4 -T 4 ky ) 



1 x 5.667 x 10" 8 W/m 2 -K 4 ^ „„ 0 *4 , nn nr7n ^' 
(0 + 273) -(-30 + 273) 

25 W/m -K L 
(b) Invoking the heat-mass transfer analogy in the form of Eq. 6.60 with n = 1/3, 



^ =0 C + 



= 4.69 C. 



— = p CpLe 



or h m = hip CpLe 



2/3 



x m 



where Le = a/D^g 

2/3 



19.3xl0" 6 m 2 /s 
0.26xl0" 4 m 2 /s 



= 0.0238 m/s. 



h m = ^25 W/m 2 • kJ/1.273 kg/m 3 (1006 J/kg • K) 

(c) Including evaporation effects and performing an energy balance gives q conv - q ra( j - qevap = 0 

where qg Vap = m" h fg = h m (p As -/?A,oo)hf g , Pa,s = Pg and p A oo = 0. Hence, 

T^ = T s + («j / h) (t 4 - T 4 y ) + (h m / h) (p g - 0) h fg 

^ = 4.69°C+ °- Q238 " l/s x 4.847 x 10" 3 kg/m 3 x 2.502x 10 6 J/kg 
25 W/m 2 • K 



Too =4.69 C + 11.5 C = 16.2°C. 
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PROBLEM 6.66 

KNOWN: Wet-bulb and dry-bulb temperature for water vapor-air mixture. 

FIND: (a) Partial pressure, p A , and relative humidity, fy, using Carrier's equation, (b) p A and 

§ using psychrometric chart, (c) Difference between air stream, T^, and wet bulb 
temperatures based upon evaporative cooling considerations. 

SCHEMATIC: 

■> AiV (B) + wa-ter vapor (A), 



ws -2.11 C,7s 



ASSUMPTIONS: (1) Evaporative cooling occurs at interface, (2) Heat-mass transfer 
analogy applies, (3) Species A and B are perfect gases. 

PROPERTIES: Table A-6, Water vapor: p A;Sat (21.1°C) = 0.02512 bar, p A;Sat (37.8°C) = 

0.06603 bar, h f „ (21.1°C) = 2451 kJ/kg; Table A-4, Air (T am = [T WB + T DB ]/2 = 300K, 1 

6 2 

atm): a = 22.5 x 10" m /s, c p = 1007 J/kg-K, p = 1.15 kg/m 3 ; Table A-8, Air-water vapor 

(298K): D AB = 0.26 x 10" 4 m 2 /s. 

ANALYSIS: (a) Carrier's equation has the form 

(p _ Pgw) ( T DB- T WB) 

Pv " PgW 1810-T W B 

where p v = partial pressure of vapor in air stream, bar 

p gw = sat. pressure at TWB = 21.1°C, 0.02512 bar 
p = total pressure of mixture, 1.033 bar 

Tdb = dry bulb temperature, 37.8°C 

TwB = wet bulb temperature, 21.1°C. 

Hence, 

(1.013 -0.02512)bar x (37.8-21.1)° C 

p v =0.02512 bar- ^ / ^ — '- — = 0.0142 bar. 

v 1810-(21. 1 + 273. 1)K 

The relative humidity, (j), is then 

^ S ^A_ = Pv 0-0142 bar = ^ < 

PA,sat p A 37.8°C 0.06603 bar 

(b) Using a psychrometric chart 

T wb =21.1°C = 70°f| 5 K 

T DB =37.8°C = 100°Fj 

p v = ^ Psat = 0.225 x 0.06603 bar = 0.0149 bar. < 

Continued 
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PROBLEM 6.66 (Cont.) 



(c) An application of the heat- mass transfer analogy is the process of evaporative cooling 
which occurs when air flows over water. The change in temperature is estimated by Eq. 6.65. 



T -T 



M A h fg 



$L P c„ L e 



2/3 



PA,sat(T s ) Pa 



or 



(37.8-21. 1)K = - 



(1 8kg / kmol x 2451x10 J/kg) 



8.314xl0~ 2 m 3 bar/kmol-Kxl.l6kg/m 3 xl007J/kg-Kx 



/ r n \2/3 

22.5xlQ~ 6 m 2 /s 
v 0.26xl0" 4 m 2 /s y 



0.025 12bar 



Pa,, 



(273 + 21. 1)K (273 + 37.8)K 



Thus, p A ,oo = 0.016 bar 
and 

(]> = p A /pA,sat= Pv/pA,sat= 0.016 bar/0.06603 bar = 0.242 

COMMENTS: The following table compares results from the two calculation methods. 

Carrier's Eq. Psychrometric Chart 

p v (bar) 0.0142 0.016 

<|> 0.214 0.242 



0.242-0.214 

% Difference: xlOO = 13.1%. 

0.214 
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PROBLEM 6.67 
KNOWN: Wet and dry bulb temperatures. 
FIND: Relative humidity of air. 
SCHEMATIC: 



/ r* 



0, 



CO 

T 00 = +5 0 C 



WeV+ed wick. 




ASSUMPTIONS: (1) Perfect gas behavior for vapor, (2) Steady-state conditions, (3) 
Negligible radiation, (4) Negligible conduction along thermometer. 

PROPERTIES: Table A-4, Air (308K, 1 atm): p = 1.135 kg/m 3 , c p = 1007 J/kg-K, a = 23.7 
x 10" m /s; Table A-6, Saturated water vapor (298K): v g = 44.25 m /kg, h fg = 2443 kJ/kg; 
(318K): v g = 15.52 m 3 /kg; Table A-8, Air-vapor (1 atm, 298K): D AB = 0.26 x 10~ 4 m 2 /s, D AB 
(308K) = 0.26 x 10" 4 m 2 /s x (308/298) 372 = 0.27 x 10~ 4 m 2 /s, Le = a/D AB = 0.88. 
ANALYSIS: From an energy balance on the wick, Eq. 6.64 follows from Eq. 6.61. Dividing 
Eq. 6.64 by pA,sat(Tx>X 



T -T 

x oo x s 

PA,sat ( T oo) 



= 1% 



PA,sat ( T s ) PA,oo 



PA,sat ( T oo ) PA,sat (Too ) 



With [/7 A ,oo /PA,sat ( T oo )] ~ for a perfect gas and h/h m given by Eq. 6.60, 
, _ PA,sat(T s ) pc p Le 2/3 

^OO _ /„ \ /„ \, i A 00 l sj- 

PA,sat 1 Aqo j PA,sat { A oo j h f g 
Using the property values, evaluate 

PA,sat( T s) _ v g T oo _ 15.52 



PA,sat(Too) v (T s ) 44.25 



0.351 



PA,sat (Too ) = 15.52 m J / kg = 0.064 kg/m 



Hence, 



4 



1.135 kg/m 3 (1007 J/kg-K) (0.88) 
0.351 ^ - ^ ' 

0.064 kg/m 3 |2.443xl0 6 J/kg 
0.351-0.133 = 0.218. 



2/3 



-(45-25)K 



COMMENTS: Note that latent heat must be evaluated at the surface temperature 
(evaporation occurs at the surface). 
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PROBLEM 6.68 



KNOWN: Heat transfer correlation for a contoured surface heated from below while 
experiencing air flow across it. Flow conditions and steady-state temperature when surface 
experiences evaporation from a thin water film. 

FIND: (a) Heat transfer coefficient and convection heat rate, (b) Mass transfer coefficient 
and evaporation rate (kg/h) of the water, (c) Rate at which heat must be supplied to surface 
for these conditions. 



SCHEMATIC: 



'Air- 
. — ' 

T m =Z90K 

V=Wm/s 



Neaf fra nsfer correla-fio n : Nu.^ ~ 0,*f-3Re£" SB f i r 



-Wafer film 




Surface, %-510K, L=lm t A s =lm z 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applies, (3) 
Correlation requires properties evaluated at Tf = (T s + Too)/2. 



PROPERTIES: Table A-4, Air (T f = (T s + Too)/2 = (290 + 310)K/2 = 300 K, 1 atm): v = 
15.89 x 10" m /s, k = 0.0263 W/m-K, Pr = 0.707; Table A-8, Air-water mixture (300 K, 1 
atm): = 0.26 x 10" 4 m 2 /s; Table A-6, Sat. water (T s = 310 K): p AjSat = l/v g = 1/22.93 
m 3 /kg = 0.04361 kg/m 3 , h fg = 2414 kJ/kg. 

ANALYSIS: (a) To characterize the flow, evaluate ReL at Tf 



Re L 



VL 



10 m/sxl m 



v 15.89xl0" 6 m 2 /s 



= 6.293xl0~ 



and substituting into the prescribed correlation for this surface, find 



0.58 



Nul = 0.43(6.293x 10 5 J"" (0.707 ) 0 - 4 = 864.1 

h L = *ki = 864.1x0.0263 W/m-K = ^ 
L 1 m 

Hence, the convection heat rate is 

Qconv = n L A s fts ~ loo ) 

q conv = 22.7 W/m 2 • K x 1 m 2 (3 10 - 290) K = 454 W 

(b) Invoking the heat-mass transfer analogy 
Sh L = VL =0 . 43Re 0.58 Sc 0.4 

Dab 

where 



v 15.89x10 6 m 2 /s _ 
Sc = = : — = 0.61 1 



Dab 



0.26xl0" 4 m 2 /s 



and v is evaluated at Tf. Substituting numerical values, find 



Continued 
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PROBLEM 6.68 (Cont.) 

ShL = 0.43(6.293xl0 5 j°' 58 (0.61 1) 0 ' 4 =815.2 

Hm = Sh L .D AB=8 15.2x0.26xl0-4^/s =212xl0 - 2m/s < 
L 1 m 

The evaporation rate, with pj± s = PA,sat (^s)> i s 

m = V A s (PA,s -PA,oo) 

m = 2.12xl0~ 2 m/sxl m 2 (0.04361 - 0)kg/m 3 

m = 9.243xl0~ 4 kg/s = 3.32kg/h. < 

(c) The rate at which heat must be supplied to the plate to maintain these conditions follows 
from an energy balance. 




Ein E ou t - 0 

Qin ~~ Qconv ~~ ^evap = 0 

where qi n is the heat supplied to sustain the losses by convection and evaporation. 

Qin = Qconv + Qevap 

qin = hiA (T s - ^ ) + mh fg 

q in =454 W + 9.243 xlO" 4 kg/sx 2414 xlO 3 J/kg 

q in =(254 + 223 1)W = 2685 W. < 

COMMENTS: Note that the loss from the surface by evaporation is nearly 5 times that due 
to convection. 
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PROBLEM 6.69 



KNOWN: Thickness, temperature and evaporative flux of a water layer. Temperature of air flow and 
surroundings. 

FIND: (a) Convection mass transfer coefficient and time to completely evaporate the water, (b) 
Convection heat transfer coefficient, (c) Heater power requirement per surface area, (d) Temperature 
of dry surface if heater power is maintained. 

SCHEMATIC: 




n^= 0.03 kg/s-m 2 



Water, T w = 340 K 



T^OK 1 > / / Z £w = °- 95 



T IrAAAAAAAA^ 1 ! — Plate, s p = o.eo 

5i=2mm 7 7777777777777777777777777777. * 



Pelec 

ASSUMPTIONS: (1) Steady-state, (2) Applicability of heat and mass transfer analogy with n = 1/3, 
(3) Radiation exchange at surface of water may be approximated as exchange between a small surface 

and large surroundings, (4) Air is dry (pa,oo = 0), (5) Negligible heat transfer from unwetted surface of 
the plate. 

PROPERTIES: Table A-6, Water (T w = 340K): p f = 979 kg/m 3 , p A sat = v" 1 = 0.174kg/m 3 , 

h fg = 2342 kJ/ kg. Prescribed, Air: p = 1.08 kg/m 3 , c p = 1008 J/kg-K, k = 0.028 W/m-K. Vapor/Air: 

D AB = 0.29 x 10" 4 m 2 /s. Water: s w = 0.95. Plate: s p = 0.60. 

ANALYSIS: (a) The convection mass transfer coefficient may be determined from the rate equation 
n A = h m \PA,s ~ PA,oo), where Pa,s = PA,sat ( T w ) and Pa,oo = 0- Hence, 

. n A 0.03kg/s-m 2 

h m = — — — = — = 0.172m/s < 

PA,sat 0. 174 kg /m 3 

The time required to completely evaporate the water is obtained from a mass balance of the form 
-n A = pf dJ/dt, in which case 



p. Si 979 kg/m 3 (0.002m) 
t = tlTL = E V — I = 65.3s 

n A 0.03 kg /s-m 2 



(b) With n = 1/3 and Le = a/D A B = k/pc p D A b = 0.028 W/m-K/(1.08 kg/m x 1008 J/kg-K x 0.29 x 

-4 2 

10 m /s) = 0.887, the heat and mass transfer analogy yields 

kh m 0.028W/m-K(0.172m/s) 7 

h = ^77^ = " r 7 { = 173W/m 2 -K < 

DAjjLe 0.29xl0" 4 m 2 /s(0.887) 1/3 

The electrical power requirement per unit area corresponds to the rate of heat loss from the water. 
Hence, 

Continued 
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PROBLEM 6.69 (Cont.) 

Pelec - ^evap + ^conv + Qrad = n A.hfg + h (T w - ) + s w a - T s 4 ur j 

P e"lec = 003 kg / s • m 2 ( 2.342 x 10 6 J / kg j + 173 W / n? ■ K(40K) + 0.95 x 5.67 x 10~ 8 W / m 2 ■ K 4 ^340 4 - 300 4 j 

p elec = 70 > 260 W/m 2 + 6920 W/m 2 + 284 W7m 2 = 77, 464 W7m 2 < 

(c) After complete evaporation, the steady-state temperature of the plate is determined from the 
requirement that 

Pelec = h (T p - ) + s p a (l p 4 - T s 4 ur ) 

77, 464 W / m 2 = 173 W / m 2 • K (T p - 300) + 0.60 x 5.67 x 10" 8 W / m 2 • K 4 (t 4 - 300 4 J 

T p = 702K = 429°C < 

COMMENTS: The evaporative heat flux is the dominant contributor to heat transfer from the water 
layer, with convection of sensible energy being an order of magnitude smaller and radiation exchange 
being negligible. Without evaporation (a dry surface), convection dominates and is approximately an 
order of magnitude larger than radiation. 
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PROBLEM 6.70 



KNOWN: Heater power required to maintain water film at prescribed temperature in dry 
ambient air and evaporation rate. 

FIND: (a) Average mass transfer convection coefficient h m , (b) Average heat transfer 
convection coefficient h, (c) Whether values of h m and h satisfy the heat-mass analogy, and 
(d) Effect on evaporation rate and disc temperature if relative humidity of the ambient air 
were increased from 0 to 0.5 but with heater power maintained at the same value. 

SCHEMATIC: 



Disk. D=20mm 



1^=Z9SK | f 



ASSUMPTIONS: (1) Water film and disc are at same temperature; (2) Mass and heat 
transfer coefficient are independent of ambient air relative humidity, (3) Constant properties. 

PROPERTIES: Table A-6, Saturated water (305 K): v g = 29.74 m 3 /kg, h fg = 2426 x 10 3 
J/kg; Table A-4, Air (T = 300 K, 1 atm) : k = 0.0263 W/m-K, a = 22.5 x 10" 6 m 2 /s, Table A- 

8, Air-water vapor (300 K, 1 atm): D AB = 0.26 x 10" 4 m 2 /s. 
ANALYSIS: (a) Using the mass transfer convection rate equation, 

n A = h m A s (p As - p A oo ) = h m A s p A sat (l - ) 

and evaluating p A s = p A;Sa t (305 K) = l/v g (305 K) with ^ ~ p A oo = 0, find 
n A 



V = 



A s(PA,s -PA,oo) 

3 



2.55 x 10" 4 kg/hr/ (3600 s/hr) 
h m =-, — f i 1 = 6.71x10 J m/s. 

7i (0.020 m) 2 / 4 ( 1 / 29.74 - 0) kg/m 3 

(b) Perform an overall energy balance on the disc, 
q = qconv + qevap = hA s (T s - ) + n A h fg 

and substituting numerical values with hf g evaluated at T s , find h: 

200 x 10" 3 W = h^- (0.020 m) 2 /4(305-295)K + 7.083xlO" 8 kg/sx 2426xl0 3 J/kg 

h = 8.97 W/m 2 -K. < 

Continued 
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PROBLEM 6.70 (Cont.) 

(c) The heat-mass transfer analogy, Eq. 6.67, requires that 



'm 



Dab 



Dab 



a 



1/3 



Evaluating k and D^b at T = (T s + T^ ) / 2 = 300 K and substituting numerical values, 



8.97 W/m z -K _ mi ^ 0.0263 W/m-K 
6.71xl0" 3 m/s 



f 



0.26 xlO" 4 m 2 /s 



0.26x10-* m z /s 
22.5 xlO" 6 m 2 /s 



1/3 



= 1061 



Since the equality is not satisfied, we conclude that, for this situation, the analogy is only 
approximately met (« 30%). 

(d) If (^oo = 0.5 instead of 0.0 and q is unchanged, n^ will decrease by nearly a factor of two, 
as will n^hfg = q eV ap- Hence, since q conv must increase and h remains nearly constant, T s - 
Too must increase. Hence, T s will increase. 

COMMENTS: Note that in part (d), with an increase in T s , hf g decreases, but only slightly, 
and pA,sat increases. From a trial-and-error solution assuming constant values for h m and h, 
the disc temperature is 315 K for ^ = 0.5. 
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PROBLEM 6.71 



KNOWN: Power-time history required to completely evaporate a droplet of fixed diameter 
maintained at 37°C. 

FIND: (a) Average mass transfer convection coefficient when droplet, heater and dry 
ambient air are at 37 °C and (b) Energy required to evaporate droplet if the dry ambient air 
temperature is 27°C. 

SCHEMATIC: 



4 




ASSUMPTIONS: (1) Wetted surface area of droplet is of fixed diameter D, (2) Heat-mass 
transfer analogy is applicable, (3) Heater controlled to operate at constant temperature, T s = 
37°C, (4) Mass of droplet same for part (a) and (b), (5) Mass transfer coefficients for parts (a) 
and (b) are the same. 

PROPERTIES: Table A-6, Saturated water (37°C = 310 K): h fg = 2414 kJ/kg, p A sat = l/v g 
= 1/22.93 = 0.04361 kg/m 3 ; Table A-8, Air-water vapor (T s = 37°C = 310 K, 1 atm): D AB = 
0.26 x 10" 6 m 2 /s(310/298) 3/2 = 0.276 x 10" 6 m 2 /s; Table A-4, Air (T = (27 + 37)°C/2 = 305 
K, 1 atm): p = 1.1448 kg/m , c p = 1008 J/kg-K, v = 16.39 x 10" m /s, Pr = 0.706. 

ANALYSIS: (a) For the isothermal conditions (37°C), the electrical energy Q required to 

evaporate the droplet during the interval of time At = t e follows from the area under the P-t 
curve above, 

20xl0" 3 Wx(50x60)s + 0.5x20xl0~ 3 W(l00-50)x60s 
Q = 90 J. 

From an overall energy balance during the interval of time At = t e , the mass loss due to 
evaporation is 

Q = Mh fg or M = Q/h fg 

M = 90J/2414xl0 3 J/kg = 3.728xl0" 5 kg. 
To obtain the average mass transfer coefficient, write the rate equation for an interval of time 
At = t e , 

M = m • t e = h m A s (p As - p A oo ) • t e = h m A s p A s (l - ^ ) • t e 

Substituting numerical values with = 0, find 

3.278xl0" 5 kg = h m U (0.004 m) 2 /4j 0.04361 kg/m 3 x (100 x 60) s 

Continued 
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Q = f Pdt = 



PROBLEM 6.71 (Cont.) 



h m =0.0113 m/s. 



(b) The energy required to evaporate the droplet of mass M = 3.728 x 10 ^ kg follows from an 
overall energy balance, 

Q = Mhfg+hA^Ts-Too) 

where h is obtained from the heat-mass transfer analogy, Eq. 6.60, using n = 1/3, 

h k _ 9/3 
= = p c p Le z/J 

h m D AB Le n 

where 

gc _ v _ 16.39X10- 6 m 2 /s _ Q591 

D AB 0.276 x 10" 4 m 2 /s 
_ Sc 0.594 
Le = — = = 0.841. 

Pr 0.706 

Hence, 

h = 0.01 13 m/s x 1.1448 kg/m 3 x 1008 J/kg • K (0.84l) 2/3 = 1 1.62 W/m 2 • K. 
and the energy requirement is 

Q = 3.728 xlO" 5 kg x 2414 kJ/kg + 11.62 W/m 2 -K^tt (0.004 m) 2 /4J (37 -27)° C 

Q = (90.00 + 0.00145) J = 90 J. < 

The energy required to meet the convection heat loss is very small compared to that required 
to sustain the evaporative loss. 
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PROBLEM 6.72 



KNOWN: Initial plate temperature T p (0) and saturated air temperature (Too) i n a dishwasher at the 

2 

start of the dry cycle. Thermal mass per unit area of the plate Mc/A s = 1600 J/m K. 

FIND: (a) Differential equation to predict plate temperature as a function of time during the dry cycle 
and (b) Rate of change in plate temperature at the start of the dry cycle assuming the average 
convection heat transfer coefficient is 3.5 W/m K. 



SCHEMATIC: 




P/afe, M,c,A s 

Mc IA s =1600J/tt7Z K 

T p (+),T p (0) = 65"-C 



Aimbien-h air 



ASSUMPTIONS: (1) Plate is spacewise isothermal, (2) Negligible thermal resistance of water film 
on plate, (3) Heat-mass transfer analogy applies. 

PROPERTIES: Table A-4, Air (T =(55 + 65)°C/2 = 333 K, 1 atm): p = 1.0516 kg/in , c p = 1008 

-6 2 

J/kg-K, Pr = 0.703, v = 19.24x 10 m /s; Table A-6, Saturated water vapor, (T s = 65°C = 338 K): p A 

= l/v„ = 0.1592 kg/m 3 , h f „ = 2347 kJ/kg; (T s = 55°C = 328 K): p A = l/v„ = 0.1029 kg/m 3 ; Table A- 

-4 2 3/2 4 

8, Air-water vapor (T s = 65°C = 338 K, 1 atm): D AB = 0.26 x 10 m/s (338/298) = 0.314 x 10" 

2 

m /s. 

ANALYSIS: (a) Perform an energy balance on a rate basis on the plate, 
Ein " E out = E st q C onv -q e vap = (Mc/A s )(dT p / dt). 
Using the rate equations for the heat and mass transfer fluxes, find 



T p(t) 



'm 



PA,s (T s ) - PA,oo )1 h fg = (Mc/A s ) (dT/dt) . 



(b) To evaluate the change in plate temperature at t = 0, the start of the drying process when Tp (0) = 

— — 2 

65°C and T^ = 55 °C, evaluate h m from knowledge of h = 3.5 W/m • K using the heat-mass 

transfer analogy, Eq. 6.60, with n = 1/3, 



h t 2/3 

=— = p c p Le = p c p 



^c\ 2/3 / v /d.„\ 2/3 



Sc 
Pr 



P c p 



AB 



Pr 



J 



"m V n j v 

and evaluating thermophysical properties at their appropriate temperatures, find 

1 f f. O A o \2/3 



3.5 W/m -K = LQ5 lfi kg/m 3 x 1008 J/kg . R 



1 9 .24 x 10" 6 m 2 / s/0.3 14 x 1 0" 4 m 2 / s 
0.703 



h m =3.619x10"-' m/s. 



Substituting numerical values into the conservation expression of part (a), find 

3.5 W/m 2 -K(55-65)°C-3.619xl0" 3 m/s(0.1592-0.1029)kg/m 3 x2347xl0 3 J/kg = 1600 J/m 2 • K(dT p /dt) 

dT p / dt = -[35.0 + 478.2] W/m 2 • K/1600 J/m 2 • K = -0.32 K/s. < 

COMMENTS: This rate of temperature change will not be sustained for long, since, as the plate 
cools, the rate of evaporation (which dominates the cooling process) will diminish. 
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PROBLEM 6S.1 

KNOWN: Two-dimensional flow conditions for which v = 0 and T = T(y). 

FIND: (a) Verify that u = u(y), (b) Derive the x-momentum equation, (c) Derive the energy equation. 
SCHEMATIC: 



dy 



Pressure & shear forces Energy fluxes 

ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant properties, (3) 
Negligible body forces, (4) v = 0, (5) T = T(y) or dT/dx = 0, (6) Thermal energy generation occurs 
only by viscous dissipation. 

ANALYSIS: (a) From the mass continuity equation, it follows from the prescribed conditions that 
<9u/3x = 0. Hence u = u(y). 

(b) From Newton's second law of motion, EF X = (Rate of increase of fluid momentum) x , 

g 

i)u + — [(/>u)u]( 

d x 





d p 








d t 






p- 


p + dx 




dyl + 




t + dy 




dx • 1 = | 










. _ 







Hence, with T = /j(d u/d y) , it follows that 

d ^ d x 8 r, x -i _ 
o x a y a x ax 
(c) From the conservation of energy requirement and the prescribed conditions, it follows that 



d p d u 

dy 



E in _ E out " °- or 



pu + p 



u^e + u 2 /2j 



dyl + 



, d T 8 (ru) ' 
-k + ru + — -dy 



or, 



d y d y 

pu + -^(pu)dx + /> \\{t + u 2 12^ + -^— pu^e + u 2 12^ dxj dy-1- 

p u|e + u 2 /2j 



dx-1 



, dT d 

r u-k 1 

d y d y 



, d1~ 




-k 


dy 


. dy_ 



dx-l = 0 



d(ru) d , v g 
^y 77 



^ u ^ r <^ P , 
r + u u — - + k 



d 



d y 



d T 
y 



= 0 



d lr Y 



= 0. 



<^y <^y ^ x ^y 2 
Noting that the second and third terms cancel from the momentum equation, 



d u 


2 

+ k 


d lr Y 


_dy_ 




Jy 1 



= 0. 
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PROBLEM 6S.2 



KNOWN: Oil properties, journal and bearing temperatures, and journal speed for a lightly 
loaded journal bearing. 

FIND: Maximum oil temperature. 

SCHEMATIC: 



Oil 



Bearing 
Sournaf 



k=0.15Wfm-K 



Journal- 




T L =40°C\ 




Tfior 



ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant 
properties, (3) Clearance is much less than journal radius and flow is Couette. 

ANALYSIS: The temperature distribution corresponds to the result obtained in the text 
Example on Couette flow, 



T(y) = T 0 + ^u 2 







2" 


y__ 


y_ 




L 


L 





The position of maximum temperature is obtained from 



^ = 0 = ^U 2 
dy 2k 



L L 2 



or, 



y = L/2. 



2 2 

The temperature is a maximum at this point since d T/dy < 0. Hence, 



T m ax=T(L/2) = T 0 +^U 2 



2 4 



= T 0 + 



//IT 
8k 



10" 2 kg/s-m(l0m/s) z 

W = 40° C + ^ '- 

max 8x0.15 W/m-K 



T max = 40.83°C. 



COMMENTS: Note that 

Tmax increases with increasing \i and U, decreases with 
increasing k, and is independent of L. 
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PROBLEM 6S.3 

KNOWN: Diameter, clearance, rotational speed and fluid properties of a lightly loaded journal 
bearing. Temperature of bearing. 

FIND: (a) Temperature distribution in the fluid, (b) Rate of heat transfer from bearing and operating 
power. 

SCHEMATIC: 



-Bearing 
'Journal 




Bearing 

T 0 35X 



u(y)-U(y/l) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant properties, (3) 
Couette flow. 

PROPERTIES: Oil (Given): p = 800 kg/m 3 , v = 10 _5 m 2 /s, k = 0.13 W/m-K; ix = pv = 8 x 10~ 3 
kg/s-m. 

ANALYSIS: (a) For Couette flow, the velocity distribution is linear, u(y) = U(y/L), and the energy 
equation and general form of the temperature distribution are 



d 2 T 

dy 2 



-M 



"du" 


2 




"u" 


_dy_ 




L 



T = 



1L 

2k 



U 
L 



y 2 +^-y+c 2 - 

k 



Considering the boundary conditions dT/dy)y = L = 0 and T(0) = Tq, find C 2 = Tq and Ci = uU /L. 
Hence, 

T = T 0 +(//U 2 )/k (y/L)-l/2(y/L) 2 

(b) Applying Fourier' s law at y = 0, the rate of heat transfer per unit length to the bearing is 

T 2 



-k(;r D) 



dT 



"(*D) 



//IT 



x \8xl0 3 kg/s-m (14.14 m/s) 2 
x75xl0 J m v ' 



y=0 



-^x75xl0 3 mj- 



0.25x10 3 m 



-1507.5 W/m 



where the velocity is determined as 

U = (D/2) co = 0.0375m x 3600 rev/min ( In rad/rev) / (60 s/min) = 14. 14 m/s. 

The journal power requirement is 

P ' = F (y=L)U = r s(y=L) ^D.U 

P' = 452.5kg/s 2 • m [n x 75 x 10" 3 m j 14. 14m/s = 1507.5kg • m/s 3 = 1507.5W/m 
where the shear stress at y = L is 



U 



r s(y=L) = M {? ^ d y) y=L = M — = 8x 10 k g /s • m 



14.14 m/s 
0.25xl0" 3 m. 



452.5 kg/s-m. 



COMMENTS: Note that q' = P', which is consistent with the energy conservation requirement. 
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PROBLEM 6S.4 

KNOWN: Conditions associated with the Couette flow of air or water. 

FIND: (a) Force and power requirements per unit surface area, (b) Viscous dissipation, (c) Maximum 
fluid temperature. 



SCHEMATIC: 

L - 5 mm 
u=U(yfL) 



rt r-r n 1 



1 




Air or water 

u=0 Wo=27°C 



ASSUMPTIONS: (1) Fully-developed Couette flow, (2) Incompressible fluid with constant 
properties. 

PROPERTIES: Table A-4, Air (300K): li = 184.6 x 10~ ? N-s/m 2 , k = 26.3 x 10~ 3 W/m-K; Table A-6, 

-6 2 

Water (300K): li = 855 x 10 N-s/m , k = 0.613 W/m-K. 

ANALYSIS: (a) The force per unit area is associated with the shear stress. Hence, with the linear 
velocity profile for Couette flow, r = /^(du/dy) = //(U/L). 



Air: 



r air 



184.6xl0" 7 N • s/m 2 x 200 = 0.738 N/m 2 

0.005 m 

r water = 855 x 10" 6 N • s/m 2 x 200 — = 34.2 N/m 2 



0.005 m 



0.738 N/m 2 ) 200 m/s = 147.6 W/m 2 



Water: 

With the required power given by P/A = T • U, 

Air: ( P/A )air = (°- 738 N/m2 ) 2C 

Water: ( P/A ) wa ter = ( 34 - 2 N/m2 ) 200 m/s = 6840 W/m2 ■ 

2 2 

(b) The viscous dissipation is ju® = //(du/dy) = //(U/L) . Hence, 



Air: 



Water: 



(//0) air =184.6x10 



_7 N-s 



(ju<t>) =855x10 



m 
-6 N-s 



'water 



m 



200 m/s 
0.005 m_ 

200 m/s 
0.005 m 



= 2.95xl0 4 W/m 3 



= 1.37 xlO 6 W/m 3 . 



(c) From the solution to Part 4 of Example 6S.1, the location of the maximum temperature corresponds 

2 

to y max = L/2. Hence, T max = Tq + /uU 1 8k and 
Air: 



184.6xl0" 7 N-s/m 2 (200 m/s) 2 
(Tmax) flir =27°C + ^ ^ = 30.5"C 



8x0.0263 W/m-K 
v6 \t „,„2, 



Water: 



(^max ) 



855x10"° N-s/m z (200 m/s f 

, =27 C + i ^ = 34.0 C. 

water 8x0.613 W/m-K 



COMMENTS: (1) The viscous dissipation associated with the entire fluid layer, //O (LA) , must 
equal the power, P. (2) Although (/^ , ) water »(i^ > ) air . k water >;> k air- Hence, 



Tmax,water ~ Tmax,air • 
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PROBLEM 6S.5 

KNOWN: Velocity and temperature difference of plates maintaining Couette flow. Mean 
temperature of air, water or oil between the plates. 

FIND: (a) Pr-Ec product for each fluid, (b) Pr-Ec product for air with plate at sonic velocity. 
SCHEMATIC: 

Tq-T^25°C A'ir t mister; engine oi/ ) T- 300K 

T __________ 

ASSUMPTIONS: (1) Steady-state conditions, (2) Couette flow, (3) Air is at 1 atm. 

PROPERTIES: Table A-4, Air (300K, latm), c p = 1007 J/kg-K, Pr = 0.707, y = 1.4, R= 
287.02 J/kg-K; Table A-6, Water (300K): c p = 4179 J/kg-K, Pr = 5.83; Table A-5, Engine oil 
(300K), c p = 1909 J/kg-K, Pr = 6400. 

ANALYSIS: The product of the Prandtl and Eckert numbers is dimensionless, 

DC n U 2 m 2 /s 2 m 2 /s 2 

Pr- Ec = Pr -f^r -f^ 

c p AT (J/kg-K)K ( kg . m 2 /s 2j /kg - 

Substituting numerical values, find 

Air Water Oil < 

Pr-Ec 0.0028 0.0056 13.41 

(b) For an ideal gas, the speed of sound is 

c = ( r RT) 1/2 

where R, the gas constant for air, is R u / JVl = 8.315 kJ/kmol-K7(28.97 kg/kmol) = 287.02 
J/kg-K. Hence, at 300K for air, 

U = c = (1.4 x 287.02 J/kg • Kx 300K) 1/2 = 347.2 m/s. 

For sonic velocities, it follows that 

(347.2 m/s) 2 

Pr-Ec = 0.707 — ^ '- = 3.38. < 

1007J/kg-Kx25K 

COMMENTS: From the above results it follows that viscous dissipation effects must be 
considered in the high speed flow of gases and in oil flows at moderate speeds. For Pr-Ec to 
be less than 0.1 in air with AT = 25°C, U should be < 60 m/s. 
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PROBLEM 6S.6 

KNOWN: Couette flow with moving plate isothermal and stationary plate insulated. 
FIND: Temperature of stationary plate and heat flux at the moving plate. 
SCHEMATIC: 



L- 



't 



0 77777777777777777777777777777777 




7 



(1 



ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant properties, (3) 
Couette flow. 

ANALYSIS: The energy equation is given by 

i2 

. - i . . . 

0 = k 







d u 


dy 1 




d y 



Integrating twice find the general form of the temperature distribution, 



d 2 T _ 

T(y)= 



k 

JL 
2k 



U 
L 

U 
L 



d T 

d y 

y 2 +C iy + C2. 



fj_ 
k 



U 
L 



y + Ci 



Consider the boundary conditions to evaluate the constants, 



dTldy 



y =0=° ~> C l=° and T ( L ) = T L 



C? =T L + — U 2 . 
1 L Ik 



Hence, the temperature distribution is 
„ . T 2 

t(y) = t l + 







2" 


1- 








L 





2k 



The temperature of the lower plate (y = 0) is 

T 2" 



T(0) = T L + 



2k 



The heat flux to the upper plate (y = L) is 

T 2 



q" (L) = -k 



d T 



COMMENTS: The heat flux at the top surface may also be obtained by integrating the viscous 
dissipation over the fluid layer height. For a control volume about a unit area of the fluid layer, 

i2 



^g _ ^OUt 



d u 

d y 



dy = q"(L) q"(L) = 
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PROBLEM 6S.7 



KNOWN: Couette flow with heat transfer. Lower (insulated) plate moves with speed U and upper plate 
is stationary with prescribed thermal conductivity and thickness. Outer surface of upper plate maintained 
at constant temperature, T sp = 40°C. 

FIND: (a) On T-y coordinates, sketch the temperature distribution in the oil and the stationary plate, and 
(b) An expression for the temperature at the lower surface of the oil film, T(0) = T 0 , in terms of the plate 
speed U, the stationary plate parameters (T sp , k sp , L sp ) and the oil parameters (lx, k D , L 0 ). Determine this 
temperature for the prescribed conditions. 



SCHEMATIC: 



L sp = 3 mm 



L 0 = 5 mm 




Stationary plate (sp) 



T SP = 40 °C 



k. n = 1 .5 W/m-K 



k 0 = 0.145 W/m-K 



H = 0.799 N-s/m 2 
U = 5 m/s 




'sp 



T Q T(y) 



Moving plate, insulated 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed Couette flow and (3) Incompressible 
fluid with constant properties. 

ANALYSIS: (a) The temperature distribution is shown above with these key features: linear in plate, 
parabolic in oil film, discontinuity in slope at plate -oil interface, and zero gradient at lower plate surface. 

(b) From Example 6S.1, the general solution to the conservation equations for the temperature 
distribution in the oil film is 



To(y) = -Ay 2 +C 3 y + C4 
and the boundary conditions are, 



where 



A = 



2k r 



At y = 0, insulated boundary 



dy 



= 0 ; C 3 = 0 




^y=0 



At y = L 0 , heat fluxes in oil and plate are equal, q D (L 0 ) = q^p (L 0 J 



^*J^ q x 0 (Lq) w 



Continued... 
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PROBLEM 6S.7 (Cont.) 



k dT ° 
dy 



y= L o 



T 0 (L 0 ) T sp 



dT n 



dy 



= -2AL r 



y= L o 



^sp _ L S p /k S p 



t 0 (l 0 ) = -al2+c 4 



C4 - T S p + AL 0 



1 + 2 



k o L sp 
Lq k sp 



Hence, the temperature distribution at the lower surface is 
T o (0) = -A-0 + C 4 

k G L S p 



T o (0) = T sp +-^U 



2k r 



1 + 2- 



Lq k S p 



Substituting numerical values, find 



t (n\ 0.799 N-s/m z , , 2 

T n 0 =40 Ch 5m/s 

° V ; 2x0.145W/m-K V ' ' 



, ,0.145 3 
1 + 2 x — 

5 1.5 



= 116.9 C 



COMMENTS: (1) Give a physical explanation about why the maximum temperature occurs at the lower 
surface. 

(2) Sketch the temperature distribution if the upper plate moved with a speed U while the lower plate is 
stationary and all other conditions remain the same. 
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PROBLEM 6S.8 



KNOWN: Shaft of diameter 100 mm rotating at 9000 rpm in a journal bearing of 70 mm length. 
Uniform gap of 1 mm separates the shaft and bearing filled with lubricant. Outer surface of bearing is 
water-cooled and maintained at T wc = 30°C. 



FIND: (a) Viscous dissipation in the lubricant, LxO(W/m ), (b) Heat transfer rate from the lubricant, 
assuming no heat lost through the shaft, and (c) Temperatures of the bearing and shaft, T b and T s . 

SCHEMATIC: 





ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed Couette flow, (3) Incompressible fluid 
with constant properties, and (4) Negligible heat lost through the shaft. 

ANALYSIS: (a) The viscous dissipation, lxO, Eq. 6S.20, for Couette flow from Example 6S.1, is 



:0.03N-s/m 



47.1m/s 
0.001m 



6.656 xlO 7 w/m 3 



where the velocity distribution is linear and the tangential velocity of the shaft is 

U = ;rDN = ;r (0.100 m)x 9000 rpm x(min/60s) = 47.1m/s . 
(b) The heat transfer rate from the lubricant volume V through the bearing is 

q = ju& ■ V = ju& {nT) -L-t) = 6.65 x 10 7 w/m 3 (n x 0. 100 m x 0.001 m x 0.070 m) = 1462 W < 
where I = 70 mm is the length of the bearing normal to the page. 



Continued... 
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PROBLEM 6S.8 (Cont.) 

(c) From Fourier's law, the heat rate through the bearing material of inner and outer diameters, D ; and D Q 
and thermal conductivity k b is, from Eq. (3.27), 



q r 



2^lk b (T b -T wc ) 
ln(D 0 /Di) 

q r ln(D 0 /Di) 



T b = T wc + 



2^k b 

1462Wln(200/100) 



T b = 30 C + * '- — = 81.2 U C 

2;r x 0.070 mx 45 W/m-K 

To determine the temperature of the shaft, T(0) = T s , first the temperature distribution must be found 
beginning with the general solution, Example 6S.1, 



T(y)= 



JL 
2k 



U 



y z +C 3 y + C4 



The boundary conditions are, at y = 0, the surface is adiabatic 



dT 

dy 



= 0 



C 3 =0 



^y=0 



and at y = L, the temperature is that of the bearing, T b 



T(L) = T b = 



JL 
2k 



U 

vL. 



2 



I/+O + C4 



Hence, the temperature distribution is 



T(y)=T b +^u 2 



.2^ 



L z 



C 4 =T b +^U 2 
4 D 2k 



and the temperature at the shaft, y = 0, is 



T s =T(0) = T b +^-U 2 = 81.3°C + 

w 2k 2x0.15W/m-K 



0.03N-s/m 2 . ,2 , m o r 

(47.1m/sJ =303 C 
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PROBLEM 6S.9 



KNOWN: Couette flow with heat transfer. 



FIND: (a) Dimensionless form of temperature distribution, (b) Conditions for which top plate is 
adiabatic, (c) Expression for heat transfer to lower plate when top plate is adiabatic. 



SCHEMATIC: 



y 

L 



SiSiSiS,-- ■ -SiSiSiSiSi-sVs — Ti 
s,s,s,s Fluid s,s,s,s,s,s,s L 

'•u yWWW' N ~J~ 

SiSiSiSiSiSiSiSiSiSiSiSiS^rs - '0 



-Stationary plate 



ASSUMPTIONS: (1) Steady-state conditions, (2) incompressible fluid with constant properties, (3) 
Negligible body forces, (4) Couette flow. 



ANALYSIS: (a) From Example 6.4, the temperature distribution is 

y 



T = Tn+ — U 2 
U 2k 



y_ 

L 



f \ 2 



+ 



( t l-To)^- 



t-t 0 _ //ir 

T L -T 0 "2k(T L -T 0 ) 



y . 

L 



f \ 2 

y_ 



+ - 



or, with 



^ s ( T -To)/T L -T 0 , 7-y/L, 
Pr S c p/ i/k, Ec S U 2 /c p (T L -T 0 ) 



n Pr-Ec/ 2 
0 = ——[tj-tj ) + r/ = r} 



1 + -Pr-Ec(l-J7) 



(D< 



(b) For there to be zero heat transfer at the top plate, (dT/dy) y=L = 0. Hence, (dO/dr|) T|=1 = 0. 

Pr-Ec, „ N i , Pr-Ec , n 
= (1-277) ,+1 = + 1 = 0 



d# A 

drj 



There is no heat transfer at the top plate if, 
Ec-Pr = 2. 

(c) The heat transfer rate to the lower plate (per unit area) is 



(2)< 



qo 



q 0 



qo 



dT 

dy 



(T L -T 0 )d^ 



y=0 



L 



dr/ 



77=0 



L 



T L -T 0 



Pr-Ec 



Pr-Ec 



+ 1 



-2k(T L -T 0 )/L 



< 

Continued. 
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PROBLEM 6S.9 (Cont.) 



(d) Using Eq. (1), the dimensionless temperature distribution is plotted as a function of dimensionless 
distance, r| = y/L. When Pr-Ec = 0, there is no dissipation and the temperature distribution is linear, so 
that heat transfer is by conduction only. As Pr -Ec increases, viscous dissipation becomes more 
important. When Pr-Ec = 2, heat transfer to the upper plate is zero. When Pr-Ec > 2, the heat rate is out 
of the oil film at both surfaces. 



2 
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PROBLEM 6S.10 

KNOWN: Steady, incompressible, laminar flow between infinite parallel plates at different 
temperatures. 

FIND: (a) Form of continuity equation, (b) Form of momentum equations and velocity profile. 
Relationship of pressure gradient to maximum velocity, (c) Form of energy equation and temperature 
distribution. Heat flux at top surface. 

SCHEMATIC: 

L— 



•> dp , ^77 



0 ± — 



ASSUMPTIONS: (1) Two-dimensional flow (no variations in z) between infinite, parallel plates, (2) 
Negligible body forces, (3) No internal energy generation, (4) Incompressible fluid with constant 
properties. 

ANALYSIS: (a) For two-dimensional, steady conditions, the continuity equation is 

d x d y 

Hence, for an incompressible fluid (constant p) in parallel flow (v = 0), 

^ = 0. < 

d x 

The flow is fully developed in the sense that, irrespective of y, u is independent of x. 

(b) With the above result and the prescribed conditions, the momentum equations reduce to 

2 

0 = -+ ju 0 = < 

d x $ y 2 d y 

Since p is independent of y, dp/dx - dp/dx is independent of y and 

2 2 
d u _ d u _ dp 

d y 2 dy 2 dx ' 

Since the left-hand side can, at most, depend only on y and the right-hand side is independent of y, 
both sides must equal the same constant C. That is, 

d 2 u 
dy 2 

Hence, the velocity distribution has the form 

u(y) = ^y 2 +c iy +c 2 . 

2ju 

Using the boundary conditions to evaluate the constants, 

u(0) = 0 -> C 2 =0 and u(l) = 0 -> C^-CL/2//. 

Continued 
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The velocity profile is 



u(y) 



PROBLEM 6S.10 (Cont.) 

C 



2// \ 



h 1 



The profile is symmetric about the midplane, in which case the maximum velocity exists at y = L/2. 
Hence, 

■2 



u(L/2) = u max = — 



LT 

T 



or 



'max 



L? dp 
8// dx 



(c) For fully developed thermal conditions, (dT/dx) = 0 and temperature depends only on y. Hence 
with v = 0, <9u/5x = 0, and the prescribed assumptions, the energy equation becomes 

i2 



d'\ ,d 2 T 
p u— — = k 



dy 



dp 

„ +U — +U 

2 dx M 



du 



d i e 1 dp 

- + - 



(9 1 x 

With i = e + p/p, 

d x x p dx 
Hence, the energy equation becomes 

With du/dy = (C/2u) (2y - L), it follows that 
,2 



where 



0 = k 



d 2 T 



d e ^ e ^ T d z d p n 

= + — = 0. 

d x ^T^x d p d x 

2 

du 



dy 



d 2 T 



dy 2 4k// 
Integrating twice, 

^2 



T(y)=- 



4k// 



|4y 2 -4Ly + L 2 j. 



/_2L£ + LV 
3 3 2 



+c 3 y+c 4 



Using the boundary conditions to evaluate the constants, 

T(0) = T 2 -> C 4 =T 2 and T(L) = Ti 



Hence, T(y) = T 2 + 

From Fourier's law, 



y_ 

L 



(Ti-T 2 ) 



4k// 



y 



„3 



c 3 = 


C 2 L 3 


24k// 


L 2 y 2 


L'y] 


2 


6 



L 



q"(L) = -k 



^ T 



dy 



= r( T 2-Ti)+ 



y=L 



4// 



^L 3 -2L 3 + L 3 -^ 



v p^t 3 

q"(L) = -(T 2 -T 1 ) +— . < 
K J L V Z U 24// 

COMMENTS: The third and second terms on the right-hand sides of the temperature distribution 

and heat flux, respectively, represents the effects of viscous dissipation. If C is large (due to large lx or 

u max ), viscous dissipation is significant. If C is small, conduction effects dominate. 
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PROBLEM 6S.11 

KNOWN: Steady, incompressible flow of binary mixture between infinite parallel plates 
with different species concentrations. 

FIND: Form of species continuity equation and concentration distribution. Species flux at 
upper surface. 

SCHEMATIC: 

^ c>c 

C A,1 

-Binary mixture 

ASSUMPTIONS: (1) Two-dimensional flow, (2) No chemical reactions, (3) Constant 
properties. 

ANALYSIS: For fully developed conditions, dCpJdx = 0. Hence with v = 0, the species 
conservation equation reduces to 

dy 2 

Integrating twice, the general form of the species concentration distribution is 

c A (y) = Qy+c 2 . 

Using appropriate boundary conditions and evaluating the constants, 
C A (0) = C A , 2 C 2 =C A , 2 
c a( l ) = c a,i -> Q =( C A,1- C A,2) /L ' 

the concentration distribution is 

c A (y)=c A , 2 +(y/L) (c A ,i-c A ,2)- < 

From Fick's law, the species flux is 

dC A 



Na (l) = -Dab 



dy 

Dab 



n a (l) = ^(c A2 -c aj ). 



COMMENTS: An analogy between heat and mass transfer exists if viscous dissipation is 

2 2 

negligible. The energy equation is then d T/dy = 0. Hence, both heat and species transfer 
are influenced only by diffusion. Expressions for T(y) and q"(L) are analogous to those for 

C A (y)and N A (L). 
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PROBLEM 6S.12 



KNOWN: Flow conditions between two parallel plates, across which vapor transfer occurs. 

FIND: (a) Variation of vapor molar concentration between the plates and mass rate of water 
production per unit area, (b) Heat required to sustain the process. 

SCHEMATIC: 

Afrffi>_* N '-j yN^yppar AL ' L T 0>T \ 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed, incompressible flow 
with constant properties, (3) Negligible body forces, (4) No chemical reactions, (5) All work 
interactions, including viscous dissipation, are negligible. 

ANALYSIS: (a) The flow will be fully developed in terms of the vapor concentration field, 
as well as the velocity and temperature fields. Hence 

^ = 0 or C A (x,y) = C A (y). 

Also, with dCpJdt = 0, N A =0, v = 0 and constant Dpj$, the species conservation equation 
reduces to 

dy 2 

Separating and integrating twice, 

C A (y) = Ci(y) + C 2 . 
Applying the boundary conditions, 

C a(°) = C A,0 -> C 2 =C A,0 

C A o — C A L 

C a( l ) = C A,L ~> C A,L =C 1 L + C 2 C l= '— ~ 

find the species concentration distribution, 

CA(y) = c A ,o-(c A , 0 -c A , L ) (y/L). < 

From Fick's law, Eq. 6.7, the species transfer rate is 



N A = NX, S = -D AB ^ 

ay 



„ c A,0" c A,L 
= D AB " • 

Continued 
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PROBLEM 6S.12 (Cont.) 

Multiplying by the molecular weight of water vapor, 5Wa, the mass rate of water production 
per unit area is 

nX=^ANA=^ADAB^ M I ^ k - < 

(b) Heat must be supplied to the bottom surface in an amount equal to the latent and sensible 
heat transfer from the surface, 



q =qiat+qsen 

q" = nX,s h fg + -k-^ 



y=0 



The temperature distribution may be obtained by solving the energy equation, which, for the 
prescribed conditions, reduces to 



d 2 T 



= 0. 



Separating and integrating twice, 

T(y) = Ciy + C 2 . 
Applying the boundary conditions, 

T(0) = T 0 -> C 2 =T 0 

T(L) = T L -> C 1 =(T 1 -T 0 )/L 

find the temperature distribution, 
T(y) = T 0 -(T 0 -T L )y/L. 

Hence, 



dy 

Accordingly, 



_ k ( T 0- T L) 



y=0 



q"^ A D AB ^M^ hfg+k (Zb_ZL). < 

COMMENTS: Despite the existence of the flow, species and energy transfer across the air 
are uninfluenced by advection and transfer is only by diffusion. If the flow were not fully 
developed, advection would have a significant influence on the species concentration and 
temperature fields and hence on the rate of species and energy transfer. The foregoing results 
would, of course, apply in the case of no air flow. The physical condition is an example of 
Poiseuille flow with heat and mass transfer. 
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PROBLEM 6S.13 

KNOWN: The conservation equations, Eqs. 6S.24 and 6S.31. 

FIND: (a) Describe physical significance of terms in these equations, (b) Identify 
approximations and special conditions used to reduce these equations to the boundary layer 
equations, Eqs. 6.29 and 6.30, (c) Identify the conditions under which these two boundary 
layer equations have the same form and, hence, an analogy will exist. 



ANALYSIS: (a) The energy conservation equation, Eq. 6S.24, has the form 



d i d i 

p u + p v- 



d 



d T 



+ - 



d 



dy 



d T 



dy 

2b 



+ 



d p d p 
u — - + v — - 

d x d y 



+ //0 + q. 
4 5 



d x d y d x |_ d x 
la lb 2a 
The terms, as identified, have the following phnysical significance: 

1. Change of enthalpy (thermal + flow work) advected in x and y directions, 
Change of conduction flux in x and y directions, 
Work done by static pressure forces, 
Word done by viscous stresses, 
Rate of energy generation. 



2. 
3. 
4. 
5. 



The species mass conservation equation for a constant total concentration has the form 



d C A dC A d 
— + v — = 

d x d y d x 

la lb 



Dab 



^c A 

dx 
2a 



+ - 



d 



3y 



d A b 



^c A 

dy 



2b 



+ N A 
3 



1. Change in species transport due to advection in x and y directions, < 

2. Change in species transport by diffusion in x and y directions, and 

3. Rate of species generation. 

(b) The special conditions used to reduce the above equations to the boundary layer equations 
are: constant properties, incompressible flow, non-reacting species (N A = ^)' without 

internal heat generation (q = 0) , species diffusion has negligible effect on the thermal 
boundary layer, u{dp/dx) is negligible. The approximations are, 

, . , , d u d x\ d \ d v 

Velocity boundary layer 



Thermal b.l. 



u » v 



dT dT 

» 

d y d x 



d u d u 

» , . 

d y d x d y 

Concentration b.l.: 




» 



The resulting simplified boundary layer equations are 

r r r r r 2 v v r " l2 

u + v = a ^ + — 



d x d y 
la lb 
where the terms are: 1 



2a 



d u 



u- 



- + V 



JC A 



= Dab 



d x 



d 2 C A 



2b 



d x d y 

3 lc Id 

Advective transport, 2. Diffusion, and 3. Viscous dissipation. 

(c) When viscous dissipation effects are negligible, the two boundary layer equations have 
identical form. If the boundary conditions for each equation are of the same form, an analogy 
between heat and mass (species) transfer exists. 
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PROBLEM 6S.14 

KNOWN: Thickness and inclination of a liquid film. Mass density of gas in solution at free surface 
of liquid. 

FIND: (a) Liquid momentum equation and velocity distribution for the x-direction. Maximum 
velocity, (b) Continuity equation and density distribution of the gas in the liquid, (c) Expression for 

the local Sherwood number, (d) Total gas absorption rate for the film, (e) Mass rate of NH3 removal 
by a water film for prescribed conditions. 

SCHEMATIC: 

' NH 3 (A)- Water (B ) 

L = 2m 
8=1 mm 
D = 0.05m 

W = tcD = 0.157m 

3 

PA, 0 = 25 kg/m 

-9 2 
Dab = 2x10 m /s 

()) = 0 o 

ASSUMPTIONS: (1) Steady-state conditions, (2) The film is in fully developed, laminar flow, (3) 
Negligible shear stress at the liquid-gas interface, (4) Constant properties, (5) Negligible gas 
concentration at x = 0 and y = 5, (6) No chemical reactions in the liquid, (7) Total mass density is 
constant, (8) Liquid may be approximated as semi-infinite to gas transport. 

3 6 2 

PROPERTIES: Table A-6, Water, liquid (300K): p f = 1/vf = 997 kg/m , p. = 855 xl0~ N-s/m ,v 
= jj/pf =0.855 x 10" 6 m 2 /s. 

ANALYSIS: (a) For fully developed flow (v = w = 0, <9u/3x = 0), the x-momentum equation is 
0 = dTy^ I d y + X where Ty^ = n\d vJd y) and X = (/?g)cos^. 

That is, the momentum equation reduces to a balance between gravitational and shear forces. Hence, 

n{eP"\jJd y 2 j = -(/7g)cos tj>. 




Integrating, 8 aid y = -(g cos <f>lv) y + C1 

Applying the boundary conditions, 

= 0 -> q = 0 



u = -(g cos 0/2v)y +Ciy + C2- 



3 ul<9 y) y =o 
u(<y)=o 



Hence, 



g cos 
2v 



— > 



s 2 2 
5 -y 



g cos (j) 8 



C2 = g cos 
2 



2v 



2v 



i-( y /sy 



and the maximum velocity exists at y = 0, 

u max =u(0) = (gcos <f> S 2 ^/2v. < 
(b) Species transport within the liquid is influenced by diffusion in the y-direction and advection in the 

x-direction. Hence, the species continuity equation with u assumed equal to u max throughout the 
region of gas penetration is 

Continued 
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PROBLEM 6S.14 (Cont.) 



u^ = D 

<?x 



AB 



a 2 
d PA 



d Pa u 



max 



D 



AB 



d PA 



d y y 

Appropriate boundary conditions are: p A (x,0) = p Ao an ^ Pa( x '°°) = 0 an ^ the entrance condition is: 

pA(0,y) = 0. The problem is therefore analogous to transient conduction in a semi-infinite medium 
due to a sudden change in surface temperature. From Section 5.7, the solution is then 



PA ~PA,o 



= erf - 



0-PA.o 2(D AB x/u max ) 
(c) The Sherwood number is defined as 

Sh x = '- — where h m x 



1/2 



PA = PA,o erfc 



2(D AB x/u max ) 



1/2 



n A , x -D A B^A/^y| y=0 



D 



AB 



PA,o 



PA,o 



dy 



y=0 



= ~PA,o 



2 


2 

y u max 


1 


= ~PA,o 

y=0 


u max 


1/2 


exp 

( \l/2 
\ n ) 


4D AB x_ 


2(D AB x/u max ) 1/2 


n D AB x_ 





Hence, 



m,x 



u max D AB 



71 X 



1/2 



00 



1/2 



D 



AB 



1/2 



1/2 



1/2 



D 



AB 



1/2 



and with Re x = u max x/v, 

a/2 



Sh x = 



D 1/2 0 1/2 n „ A D 1/2 e 1/2 
Re x Sc = 0.564 Re x Sc 



(d) The total gas absorption rate may be expressed as 

n A =ivx (W L)p Ao 
where the average mass transfer convection coefficient is 



1_ L _ \_ 

'rr^x — ~ q n m,x^ x ~~ ~ 



u max D AB 



1/2 



L dx 



0 1/2 
u x 



4u 



max 



Dab 



n L 



1/2 



Hence, the absorption rate per unit width is 

1/2 

n A /W = (4u max DabL/^) 

PA,o- 

(e) From the foregoing results, it follows that the ammonia absorption rate is 

1/2 



n A = 



4u max D AB L 



71 



111 



4 g cos<f>S D A gL 
2nv 



Wp Ao - 



Substituting numerical values, 



4x9.8 m/s 2 xlxflO 3 m 



2x10 V/s 2m 



2;rx 0.855 xl0" 6 m 2 /s 



1/2 



(0.157m)25kg/m 3 =6.71x10 4 kg/s. < 



COMMENTS: Note that p A o ^ PA,oo? where p A?0 o is the mass density of the gas phase. The value 
of p Ao depends upon the pressure of the gas and the solubility of the gas in the liquid. 
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PROBLEM 7.1 

KNOWN: Temperature and velocity of fluids in parallel flow over a flat plate. 

FIND: (a) Velocity and thermal boundary layer thicknesses at a prescribed distance from the leading 
edge, and (b) For each lluid plot the boundary layer Ihiekncsses as a function of distance. 

SCHEMATIC: 




t/oo= 1 m/s 
T f = 300 K 



0.04 m 



ASSUMPTIONS: ( I ) Transition Reynolds number is 5 x 10". 

PROPERTIES: Table A.4, Air (300 K, I atm): v = 15.89 x 10"" nr/s, Pr = 0.707: Table. 4.6, Water (300 
K): V = p/p = 855 x 10" N-a/tn J /997 kg/m 3 = 0.858 x 10" m 2 /s. Pr = 5.83: Table AJ, Engine Oil (300 K): 
v = 550 x 10 -1 ' nr/s, Pr = 6400: Table A. 5, Mercury (300 K): v = 0.1 13 * 10 " nr/s, Pr = 0.0248. 

ANALYSIS: (a) If the flow is laminar, the following expressions may be used to compute 5 and 8„ 
respectively. 



S = 



5x 



Re 



1/2 



s t =- 



Fluid 



Re, 



6 (mm) o\ (mm) < 



Pr 



1/3 



where 



Re v 



u^x 1 m/s (0.04 m) 0.04 m 2 /s 



Air 

Water 

Oil 

Mercury 



2517 
4.66 x 10 J 

72.7 
3.54 x 10 5 



3.99 
0.93 
23.5 
0.34 



4.48 
0.52 
1.27 
1.17 



(b) Using 1HT with the foregoing equations, the boundary layer thicknesses are plotted as a function of 
distance from the leading edge, x. 



E 




10 20 30 

Distance from leading edge, x (mm) 

- Air 

- Water 

- Oil 

■ Mercury 



40 




Distance from leading edge, a (mm) 



Air 

- Water 

•On 

■ Mercury 



COM ME NTS: ( I ) Note that 6 = 6, for air, 6 > 6! for water, 8 » 8, for oil, and 8 < 6, for mercury. As 
expected, the boundary layer thicknesses increase with increasing distance from the leading edge. 

(2) The value of 8, for mercury should be viewed as a rough approximation since the expression for 8/8, 
was derived subject to the approximation that Pr > 0,6. 
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PROBLEM 7.2 

KVOYVTs": Temperature and velocity of engine oil. Temperature and length of flat plate. 

F1XD: (a) Velocity and thermal boundary' Layer thickness at trailing edge, (b) Heat flux and surface shear 
stress at trailing edge, (c) Total drag force and heat transfer per unit plate width, and (d) Plot the boundary 
layer thickness and local values of the shear stress, convection coefficient, and heat flux as a function of x 
for 0 < x < 1 ni 

SCHEMATIC: 



u„= 0.1 m/s Z T s = 20oc 

T„=100°C 

L = 1 m 

ASSUMPTIONS: (L) Critical Reynolds number is 5 x 1Q 3 . (2) Plow over top and bottom surfaces. 

PROPERTIES: Table AJ, Engine Oil (T f = 333 K): p = S64 kg.'m 3 , v = 86.1 x 10" s uyv's, k = 0.140 
W/mK,Pr=lQ8L 

ANALYSIS : (a) Calculate the Reynolds number to determine nature of the flow, 




ReL = UgL = Obn/sxlm 
" S6.1xl0^m 2 /s 



Hence the flow is laminar at x = L. From Eqs. 7.19 and 7.24, 

t 5 = 5LRe£ 1/2 = 5(lm)(1161)~ 1 ''' 2 = 0.147 m < 

5t =«5Pr _1/3 = 0 147m(1081f 1 3 = 0 0143m < 

(b) The local convection coefficient, Eq. 7.23, and heat flux at x = L are 

h L ^0.j32Re^ 2 Pr 1/3 = °- 14 ^ 

q^ =h L (T s -T x )= 16.25 w/m 2 -K(20-I00)°C = -1300w/m 2 < 
Also, the local shear stress is. froinEq. 7.20, 

r5X = ^i Q , 664 Re-l /2 = E64k ;/ m3 (Q.lm/ 5 ) 2 0.664(U61)- 1/2 

r^ L = 0.0842kg/m-s 2 =0.0S42N/m 2 < 

(c) With the drag force per unit width given by D r = 2L7 S l where the factor of 2 is included to account 
for both sides of the plate, it follows from Eq. 7.29 that 

D'= 2l(/7u£/2.) 1.328 Re£ J ' 2 =(lm) 864 kg/in 3 (O.lm/s) 2 1.328(1 161)~ 1/2 =0J37N/m < 

For laminar flow, the average value Iil over the distance 0 to L is twice the local value, hi, 

h L = 2h L = 32.5w/m 2 K 
The total heat transfer rate per unit width of the plate is 

q' = 2Lh L (T s -T, x ) = 2(lm)32.5 w/ m 2 -££(20-100)° C = -5200 W/m < 

Continued... 
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PROBLEM 7.2 (Coot.) 

(c) Using IHT with the foregoing equations, the boundary layer thickness, and local values of the 
convection coefficient and heat flux were calculated and plotted as a function of x. 




a 0.2 0.4 D.8 U£ 

C E:ance "ronn eading edge, x [n'< 



BL f dtnesi.cellax 1 1D (nm) 

H Connection coefficient, hi: ' "CD ;M,'n*21 
— ■— Heal flux, - q"x (WAn"2) 



COD IE NTS: (L) Note that since Pr » 1, S » 5,. That is, for the high Praudtl liquids, the velocity 
boundary layer will be much thicker than the thermal boundary 7 layer. 

(2) A copy of the IHT Workspace used to generate the above plot is shown below. 

// Boundary layer thickness, delta 
delta = S * x * Ren "■-TJ.5 
delta_mm = delta * 1000 

defta_plot = deltajnrn 'ID !1 Scaling parameter for convenience in plotting 

//Convection coefficient and heat flux. q"x 

q"x = h« * {Ts - Tinf) 

Mux = 0.332 * RexTj.S « Pr^1/3} 

Nux = hx'x/k 

hx_plot = 10D * hx // Scaling parameter for convenience in plotting 

q"K_plot = ( -1 ) * q"x it Scaling parameter ior convenience in platting 



// Reynolds number 
Rex = uinf * x / nu 



// P roperties Tool : En gine oi I 
// Engine Oil property functions : 
// Units: T(K) 

rho = rho_T(" Engine Oil",Tf) 
cp = cp_T("Engine Oil".Tf] 
nu = nu_T("Engine Oil" Tf) 
k = k_T("Engine Oil",Tf] 
Pr= Pr_T("Engine Oil",Tf) 



Table A.5 

// Density, kg/nT3 

// Specific heat, J/kg-K 

// Kinematic viscosity, nras 

//Thermal conductivity W/m-K 

// Prandtl number 



//Assigned variables 

Tf = (Ts + Tint) / 2 // Film temperature, K 

Tint = 1 0.0, + 273 // Freestream temperature , K 

Ts = 20-1-273 //Surface temperature, K 

uinf = 0.1 // Freestream velocity, m/s 

x = 1 // Plate length, ni 
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PROPERTIES: Table A-4, Air (300 K, 1 atm): p = 1 ,161 kg/m\ v = 15.89 x 10" 6 m 2 /s 



PROBLEM 7.3 

KNOWN: Velocity and temperature of air in parallel flow over a flat plate. 

FIND: (a) Velocity boundary layer thickness at selected stations. Distance at w hich boundary layers 
merge for plates separated by H = 3 mm. (b) Surface shear stress and v{fj} at selected stations. 

SCHEMATIC: 

<_=25w/s ^ — __ST'l _ 

T^ooK ^-—— === =- H C 

ASSUMPTIONS: ( 1 ) Steady flow, (2) Boundary layer approximations are valid, (3) Flow is laminar. 

PROPERTIES: Table A-4, Air(3( 
ANALYSIS: ( a ) ["or lam i na r How, 

in 

ff= -^-_-A__ x '« = — [7r = 3.99xl0- 3 x 1 « 

Rc * { u * lv ) ^25 m/s/ 1 5.89 x 1 0" 6 m 2 /s) 

x (m) 0.001 0.01 0.1 
S (mm) 0.126 0.399 1.262 

Boundary layer merger occurs at x = x M1 when S = 1 .5 mm. Hence 

1/2 0.0015 m nnf.jLll v u , mm < 
x m = — = 0.3 /dm x m = 141mm. - 

3.99xl0" 3 m 1/2 

(b)The shear stress is 

Ref ^„n* ( 25m/s/15 . 8 c, xl0 ^^/ s )" 2 x^ *" 2[ ' 

x(m) 0.001 0,01 0.1 

6.07 1.92 0.61 



s.x(N/m 2 ) 



1/2 

The velocity distribution in the boundary layer is v = (1/2) (vuco/x) (r)df/dr| - f). At y = §, n * 5.0, f 
= 3.24, df/dt] = 0.99 I. 

v = 1 5.89 x 1 0" 6 m 2 / s x 25 m/s)' ' 2 (5 .0 x 0.99 1 - 3 .28) - (o.0 1 67 / x 1 /2 ) m/s. 

x(m) 0.001 0.01 0.1 
v(m/s) 0.528 0.167 0.053 

COMMENTS: ( I ) v « and ft « x are consistent with BL approximations. Note, v — > k as x -> 
0 and approximations breakdown very close to the leading ed<>e. (2) Since Rc v = 2.22 x 1 0^, 
laminar BL model is valid. (3) Above expressions are approximations for flow between parallel 
plates, since du x /dx > 0 and dp/dx < 0. 
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PROBLEM 7.4 
KNOWN: Liquid metal in parallel flow over a flat plate. 
FIND: An expression for the local Nussclt number. 
SCHEMATIC: 




ASSUMPTIONS: ( I ) Steady, incompressible flow, (2) S « Of, hence u(y) « u M , (3) Boundary layer 
approximations are valid, (4) Constant properties. 
ANALYSIS: The boundary layer energy equation is 

r T r T r 2 J 
11 + V = a - 



c x 



dy d y 



Assuming u{y) = u^, it follows that v = 0 and the energy equation becomes 



■'CO 



■ = a- 



r 2 T 



Boundary Conditions: 



or 



<?1 



a 



T(x,0) = T s . T{x,«) = T 00 . 



Initial Condition: T(0,y) = T^. 

The differential equation is analogous to that for transient one-dimensional conduction in a plane wall, 
and the conditions are analogous to those of Fig. 5.7, Case ( I ). Hence the solution is given by fqs. 

5.57 and 5.58, Substituting y for x. x for t, T^ for Tj, and o/iioc for ex, the boundary layer temperature 
and the surface heat flux become 



erf 



T(x,y)-T s 

T -T 

k(T s -Tj) 
4s- j/2 



2(a x/u^) 



1/2 



Hence, wish 



find 



Nu x - 



q s x 



Nu x =- 



h_x _ 

k "(T s -T^)k 
(xu : ,)' /2 



1/2 



1/2 



(k/pep) 



1/2 



1/2 



fi k 



1 2 



Nu x =0.564 (Re x Pr) ,/2 =0.564 Pe 1/2 < 
where Pe - Re ■ Pi is Hie Peclet number. 

COMMENTS: Because k is very large, axial conduction effects may not be negligible. That is. the oi 

2 2 

d T/dx term of the energy equation may be important. 
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PROBLEM 7.5 

KNOWN: Form of velocity profile for flow over a flat plate, 

FIND: (a) Expression for profile in terms of u x and o\ (b) Expression for f>{x), [c) Expression for 
SCHEMATIC: 




u(y)=C x +C z y 



oo 



ASSUMPTIONS: { I } Steady slate conditions, (2) Constant properties, (3) Incompressible flow, (4) 
Boundary layer approximations are valid. 
ANALYSIS: (a) From the boundary conditions 

u(x,0) = 0->C~i=0 and u(x,S) = u w -»C 2 = IS. 

Hence, u - u^, (y/S). < 

(b)From the momentum integral equation for a flat plate 

T - C ( u cc-») ud y = T * ! p 

dx o 



,2 d 



f 1 

dx 0 



*00 



dx 



i_JL JL dy = ££Ji 



V u 



dx 0 

~' 2 

y 



,3 1. 



23 3,>-2 
k 30 J 



P "r: 



or 



6 dx 



7' 



Separating and integrating, find 

| £ d 5 = — J dx <S = 
o Ucc o 

(c) The shear stress at the wall is 



12 FX 



sl/2 




= 3.46 x 






V ll CC X > 



1/2 



= 3.46 x Re 



1/2 



u 

^y 



/y=0 

and the friction coefficient is 
Cfjt = 



3.46 x 
2 



■Re 



£> u «; x 3.46 



Rc x /2 = 0.578 Rc~ 1/2 . 



COMMENTS: The foregoing results underpredict those associated with the exact solution 
(<? = 4.96 x Rc" x 1/2 , C fiX =0.664 Re" x l/2 ) and the cubic profile (<J = 4.64 x Re x 1/2 , 

C f . x =0.646 Re" 1/2 ). 
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PROBLEM 7.6 

KNOWN: Velocity 7 and temperature profiles and shear stress -boundary layer thickness 
relation for turbulent flow over a flat plate. 

FIND: (a) Expressions for hydro dynamic boundary layer thickness and average friction 
coefficient, (b) Expressions for local and average Nusselt numbers. 

SCHEMATIC: 



> 


r s -T fyVfr 


p-*^ ■— • 

c 

t 


« 


> 






7rZ 



Hit 



ASSUMPTIONS: (1) Steady flow, (2) Constant properties, (?) Fully turbulent boundary 
layer, (4) Incompressible flow, (5) Isothermal plate, (6) Negligible viscous dissipation, (7) 5 % 

Bt 

AN ALYSIS : (a) The momentum integral equation is 



2 d t s [, u 

U rr J I 1- 



dy 



P "QC . 

dx 0 \ tlx, 
Substituting the expression for the wall shear stress 

a/7l / \l/7 



- d ,J 
dx 0 



dx 0 



1- 

1 7 



(5) p' * — 

1 / \2/7 

(i) "(I) 

; = 0.0228 f ^ ) 



-1/4 



dy 



— \-S--S = v.vljS 
dxl S 9 



d / y I y 
dx" ^^177 "9^^277 J 

-1 - 



7 d<S 



72 dx 

.4 .5/4 



= 0.0228 



' v V /4 

u x ; 



-x— 



- 



s 

,1 4 



-1/4 



72 0 



J J 1/4 AS 



f \l/4 s 
= 0.0228 I — | J 



dx 



J: 



!«, £ -0.37(5Re;" 5 . < 



Knowing 5, it follows 



r s = 0.0228 ^4 | ^ | 



-1/4 



0.376 x 



-1 4 



C f 



■■ 0.0456 



0.376 ^f- 
v ^ I 



-1 5 



— 1 4 



x x 



-1/5 



= 0.0582 Re 



■1/5 



Continued 
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PROBLEM 7.6 (Cent.) 

The average friction coefficient is then 



C f,x =- f C f,x 
x 0 



f x" 1/5 dx 
0 



1 0.0582 

C f;X = -0.0582 | ^ j x 4/5 Q = 0.073 Re~ 



(b) The energy integral equation for turbulent flow is 



A J ' u^-Tjdy 
dx 0 p c t 



P c p 



(T s -T^). 



Hence, 



d u T-T x d A u 

u co— J — - — — ay = "«3 — J (y £J 

dx 0 



dx 0 T s -T x 



l-fy/^t) 1 



dy 



7 £ 



8/7 



7 <5t S 7 



h 



dx 

or, with £ = 5 t / <5 



8 J 1/7 9 jn\ pc p 

h 



P c p 



dx 



^8/7 
72 



Hence, with £*1 and S/x = 0.376 Re x L ' 5 , 

^-^It] - — 



dx 



1/5 



h = 0.0292/3 Cpi^ Re x 1,,J =0.0292 



k V U^X 



Re: 



-1/5 



x a 



Nu 



hx 



.4/5 



,. - -0.0292 ReJ J Pr. 



Hence, 

h v = — [ h dx — 
x 0 



0.0292 Pr 



V" 5 x 



I 

1 f 



1.5 



dx = 0.0292 - Pr-^j | 



Nu =^ = 0.037 Re 4 ''' 5 Pr. 
k * 



COMMENTS: (1) The foregoing results are in excellent agreement w r ith empirical 
correlation?, except that use of Pr ' instead of Pr, would be more appropriate. This result 
arose because of the assumption S*S t , which is only valid for Pr - 1 . 

(2) Note that the 1/7 profile breaks down at the surface. For example,. 

£?(u/l] 



.-1/7 -6/7 m 
a y = so 



or T s = <B. Despite this unrealistic characteristic of the profile, its use with integral methods 
provides excellent results. 
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PROBLEM 7.7 



KNOWN: Parallel flow over a flat plate and two locations representing a short span X[ to x? 
where (xi - x | ) « L. 

FIND: Three different expressions for the average heat transfer coefficient over the short 
span Xj to X2, h]_2. 

SCHEMATIC: 



! 



J fj S 




ASSUMPTIONS: ( I ) Parallel How over a Hal plate. 

ANALY SIS: The heat rate per unit width for the span can be written as 

ql-2 =h 1 _2(x 2 -x 1 )(T s -T 00 ) 



(1) 



where li]_2 is the average heat transfer coefficient over the span and can he evaluated in 
either of the following three ways: 

(a) Local coefficient at x - (xj + x 2 )/2. If the span is very short, it is reasonable to assume 
that 



where h^ is the local convection coefficient at the mid-point of the span. 



(2) 



(b) Local coefficients atxj anclxj. If the span is very short it is reasonable to assume that 
/i|_2 is the average of Ihe local values at the ends of the span. 

h!_2*[h xl+ h x2 ]/2. (3) 

(c) Average coefficients for x j andx2- The heat rate for the span can also be written as 

qi_2 =qb-2 -qo-l (4) 

where the rate qy_ x denotes the heal rate for the plate over the distance from 0 to x. In terms 
of heat transfer coefficients, find 

h l-2 ( x 2 - X I ) ^ h 2 x 2 - h l ■ x l 

x 2 r. x l 



h i-2 = h ; 



M " 



x 2 -x, x 2 -x t 

where h] and h 2 are the average coefficients from 0 to X| and x 2 , respectively. 



(5) 



COMMENTS: Eqs. (2) and (3) are approximate and work better when the span is small and 

-0.2 -0 5 

the flow is turbulent rather than laminar (h x - x vs h x - x ). Of course, we require that 

x c < X[, x 2 or x c > X|. X2; that is. the approximations are inappropriate around the transition 
region. Eq. (5) is an exact relationship, which applies under any conditions. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 7.8 

KNOWN": Flat plate comprised of rectangular modules of surface temperature T Sl thickness a and 
length b cooled by air at 25 C C and a velocity of 30 m/s. Prescribed thennophysical properties of the 
module material. 

FIND : (a) Required power generation for the module positioned 700 mm from the leading edge of the 
plate and (b) Maximum temperature in this module. 



SCHEMATIC: 



C^^> I Insufa+iany \ \ '5^v > t 

"-^X L=*700mm 

ASSUMPTIONS: (1) Laminar flow at leading edge of plate, (2) Transition Reynolds number of 5 x 
10 , (3) Heat transfer is one-dimensional in y-direction within each module, (4) q is uniform within 
module, (5) Negligible radiation heat transfer. 

3 

PROPERTIES: Module material U.ivei:). k = 5.2 W/m-K. c p = 320 J/kg K, p = 2300 kg/m : Table 

,- , -6 2 

A-4._ Air (T f = (T s + ) / 2 = 360 K, 1 atm ) : k = 0.0305 W/m-K, v = 22.02 x 10 m Is, Pr = 0.698. 

ANALYSIS: (a) The module power generation follows from an energy balance on the module 
surface. 

" _ rr 

4oonv _ 4gen 

TT/t t \ n [.T& — 1x) 
MT s -T K ,) = q-a or q = — 

a 

To select a convection correlation for estimating h, first find the Reynolds numbers at x = L. 

RfiL = u^L = 3Q m / S xa70 m=9537xlQ5 
v 22.02 * 10" V"/s 

Since the flow is turbulent over the module, the approximation h =s h x ( L -I- b-'2 ) is appropriate, 
with 

30 m/ixi 0.700- 0.050/2 )m s 

Re L+b/2 = * ^— ^- = 9.877xl0 5 

22.02x10"%^ /s 

Using the turbulent flow correlation with x = L + b/2 = 0.725 m, 

Nu x =^ = 0.0296Re^ 5 Pr 1/3 

( 0 4/5 1/1 

Nu s =0.0296(9.877 xlO 5 ) (0..69E) 1 ' J = 1640 

- . Nu x k 1640x0.0308 W/m-K 2 v 

h * hv = — = = 69.7 W:m z -K. 

x x 0.725 

Continued 
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PROBLEM 7.8 (Cant.) 

Hence, 

69.7 W/m 2 -K(l 50-25) K s , 

q = i '— = 8.713 x 10^ W/m J . < 

0 010 m 

(b) The maximum temperature within the module occurs at the surface next to the insulation (y = 0). 
For one-dimensional conduction with thermal energy' generation, use Eq. 3.42 to obtain 

aa 2 8.713 xlO 5 W/m 3 x( 0.0 10 m) 2 

T(0) = -==-+Xb = ■ ^ + 150"C = 158.4X. < 

w 2k s 2x5.2 W/m - K 

COMMENTS: An alternative approach for estimating the average heat transfer coefficient for the 
module follows from the relation 

q module = lO^L+b ~ <30^L 

hb = h L+ b-(L + b)-h L L or h = h L+ b — h L — . 

Recognizing that laminar and turbulent flow conditions exist, the appropriate correlation is 
Nti x =(0.037Re*' 5 -87l)Pr 1/3 

With x = L - b and x = L : find 

h L+b = 54.79 W/m 2 - K and h L = 53.73 W/m 2 ■ K. 

Hence, 



b.i54.79^-53.73°- 700 



W/m 2 K = 69.7 W.'m 2 K. 



0.050 0.05 _ 

which is in excellent agreement with the approximate result employed in part (a). 
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PROBLEM 7,9 



KNOWN: Dimensions and surface temperature of electrically heated strips. Temperature and velocity 
of air in parallel flew. 

PTXD: (a) Rate of convection heat transfer from first, fifth and tenth strips as well as from all the strips, 
(b) For air velocities of 2. 5 and 10 m's, determine the convection heat rates for all the locations of part 
(a), and (c) Repeat the calculations of part (b), but under conditions for which the flow is fully turbulent 
over the entire array of strips. 



SCHEMATIC: 



::,..= 2 
7"„= 25 °C 
p = 1 atm 



w = 0.2 m 

L = 2SM = 0.25 m 















A L ='0.01 m 



500 °C 



ASSUMPTIONS: (1) Top surface is smooth. (2) Bottom surface is adiabatic, (3) Critical Reynolds 
number is 5 x 10\ (4) Negligible radiation. 

PROPERTIES: Table. 4.4, Air (T f = 535 K, 1 srtm): v = 43.54 x 10"* m 2 /s, k = 0.0429 W/m-K Pr = 
0.683. 



ANALYSIS : (a) The location of transition is determined from 
- * 43.54 xlO^m 1 



:5X10 



u 



jr. 



2m/s 



^ = 10 



9 m 



Smce Xc » L = 0.25 m, the air flow is laminar over the entire heater. For the first strip, qi = h} (AL >: 
w)(T; - Td) where hj is obtained from 

h~! =— 0.664Re^ 2 Pr L '' 3 



- 0.0429 W/m-K ... 

hi = x 0.664 

1 0.01m 



2W»Mlm f 2 (Q683) l/3 =53 , 8W / m 2, K 
43.54-10 %i-/sj 



qi =53.Sw/m 2 -K(0.01mx0.2m)(500-25)°C = 51.1W < 
Tor xhe fifth strip, q 5 =qo-5 ~q,0-4 = 

q 5 =h 0 _5(5ALxw)(T s -T oc )-h 0 _ 4 (4ALxw)(T s -T K ) 

q 5 =(5ho_ 5 -4h 0 _ 4 )(ALxw)(T 3 -T I .) 
Hence, with X; = 5AL = 0.05 m and X4 = 4AL = 0.04 111 it follows that hg_g = 24. 1 W/nr-K and hg_4 = 
26.9 wW-K and 

q 5 =(5x24.1-4x26.9) w/ m 2 - K (0.0 1 x 0.2) m 2 (500 - 25) K = 12.2 W . < 
Similarly, where h 0 _irj = 17.00 \Vim 2 K and h 0 _p = 17.92 WW-K. 
q 10 = i; i0h 0 _ L0 -9ho_ 9 )(ALx w)(T s -T K ) 

q 10 = (10x17.00-9x1 7.92) w/m 2 ■ K (0.0 1x0.2) m 2 (500- 25) K = 8.3 W < 

Continued.. 
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PROBLEM -.9 (tout.) 

For the entire heater. 

h_ 5 -ioLSMR^Pr 1 ' 3 -i?«9 x0 .«4f-^^- V (0.6^f 13 = 10.75w/m 2 K 
L 0.25 l.43.54>dO~V 

and the heat rate over all 25 strip; is 

10-25 =So-25( L * w )( T s- T ° 0 ) = 10-75 w/m 2 -K(0. 25 x 0.2) m 2 (500 -25 )°C = 255.3 W< 
(b,c) Using the IHT Correlations Tool Externa! Flaw, for Laminar or Mixed Flow Conditions, and 
following the same method of solution as above, the heat rates for the first, fifth tenth and all the strips 
were calculated for air velocities of 2. 5 and lOm's. To evaluate the heat rates for fully turbulent 
conditions, the analysis was performed setting Re^ = 1 x 10" s . The results are tabulated below. 



Flow conditions 


u, (m/s) 


q:(W) 


q 5 (W) 


qi: (W) 


qo-s; 00 


Laminar 


2 


51.1 


12.1 


8.3 


256 




5 


80.9 


19.1 


13.1 


404 




10 


114 


27.0 


18.6 


572 


Fully turbulent 


2 


17 9 


10.fi 


9.1 


235 




5 


37.3 


22.1 


19.0 


490 




10 


64.9 


38.5 


33.1 


853 



COMMENTS: (1) An alternative approach to evaluating the heat loss from a single strip, for example, 
strip 5, would take the form q 5 = b 5 ( &L x w) (T - > , where k 5 s h K=4 _ 5AL or I15 s (Ii^sal + b x.=4£L V 3 - 

(2) From the tabulated results^ note that for both flow conditions, the heat rate for each strip and the entire 
heater, increases with increasing air velocity. For both flow conditions and for any specified velocity, the 
strip heat rates decrease with increasing distance from the leading edge. 

(3) To more fully appreciate the effects due to laminar vs. turbulent flow conditions and air velocity, it is 
useful to examine the local coefficient as a function of distance from the leading edge. How would you 
use the results plotted below to explain heat rate behavior evident in the summary table above? 




a D.32 DM fJ.Da 3.D3 D.I 



DsLaiceftair me leadngecga, x in;. 



Llr J - 2 m'E, laminar ~\nt 

— W— Llr J - ri m'E. lamlrar Tm 1 

— • — Llr' - 1D rr.^. larrinar nsw 

—6— ur - 1D ir^n-lly turbulent now 
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PROBLEM 7.10 

KNOWN: Speed and temperature of atmospheric air flowing over a flat plate of prescribed 
length and temperature. 

5 5 6 

FIND: Rate of heat transfer corresponding to Re x c =10,5x10 and 10 . 
SCHEMATIC: 




f<l J—T s --1Z5X 



T„*Z5% — / / / / \ 

P = Utm Ux * Jim 

ASSUMPTIONS: { 1 ) Flow over top and bottom surfaces. 

PROPERTIES: Table A-4, Air (T f = 348K, 1 atm): p = 1.00 kg/m 3 , v = 20.72 x 10" 6 m 2 /s, k 
0.0209 W/m-K, Pr 0.700. 

ANALYSIS: With 

ReL= ^ = J5m^ln L = 121x1q6 

v 20.72 xl0~ b m 2 /s 

the flow becomes turbulent for each of the three values of Re x c . I lence, 

Nu" L = f 0.037 ReJ /5 -A) Pr l/3 
A = 0.037 Re^ - 0.664 ReJ/J 

s s b 

Re XiC 10' 5x10' 10 

A 160 871 1671 

Nii L 2267 1635 926 

h L (w/m 2 .K) 67.8 48.9 27.7 

q'(W/m) 13,560 9780 5530 

where q' = 2 1ilL(T s -T^ ) is the total heat loss per unit width of plate. 

COMMENTS: Note that h L decreases with increasing Re x c , as more of the surface 
becomes covered with a laminar boundary layer. 
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PROBLIM 7,11 



KNOWN: Dimensions and surface temperature s of a flat plate. Velocity and temperature of ail 
and water flow parallel to the plate. 

FEND: (a) Average corrective heat transfer coefficient, connective heat transfer rate, and drag 
force when L = 2 m, w = 2 no. (b) Average connective heat transfer coefficient, connective heat 
transfer rate, and drag force when L = 0.1 m. w = 0.1 m. 



SCHEMATIC: , T, = 50°C or 80°G 





[a] Ai" (b) Waiter 

ASSUMPTIONS: (1) Steady-state conditions, (2) Boundary layer assumptions are valid, (3) 
Constant properties, {4) Transition Key no Ids number is 5 >• 10 s . 

PROPERTIES: Using INT.. Air (p = 1 atm, T f = 35°C = 308 K): Pr = 0.706, k = 26.9 x 10"- 
W/mK, v = 1.669 x 10r s nrVs, p = 1.135 kg/nrV Air (p = 1 atm, T f = 50 D C = 323 K): Pr = 0.704, 
k= 28.0 * 10 s W/m-K, v = 1.S2 x ID" 5 nrVs. p = 1.085 kgin 3 . Water (T f = 308 K): Pr = 4.85, 
k = 0.625 W/m-K, v = 7.291 x 10" 7 mVs, p = 994 kg-'m 3 . Water (T f = 323 K): Pr = 3.56, 
k = 0.643 W/m-K, v = 5.543 x 10" ? ur/s, p = 988 kg-'m 3 . 

ANALYSIS: 

(a) We begin by calculating the Reynolds numbers for the two different surface remperamres: 
= u^L = 5m/sx2m^ = ^ y ^ 
v 1 1.669 x 10" 5 m 2 /s 

Re. = 3-L = S^'^m = 5 49 x lQi 
v 2 1.82 x 10° m'/s 
Therefore, hi both cases the flow is nirbulent at the end of the plate and the conditions in the 
boundary layer are '"mixed." 1 

The average drag coefficient can be calculated from Equation 7.40. For the first case, 

C t u = 0.074 Rel 1 ! 5 - 1742 Re^ 

= 0.074(5.99 x 10 5 )" 1 ' 5 - 1742(5.99 x 10 5 )" 1= 2.27 x 10" 3 



Then 



rbi = Cfxi \ pu^A, 

2 

= 2.27 x 10" 3 x 1 x 1.135 kg/m } x (5 m/s) 2 x 8 m 3 = 0.257 N 
= 0.257 N 

Continued. 
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PROBLEM ".11 (Cant.) 



The average Nusselt number is calculated from Equation 7.3 S, with A = 87 L for a transition 
Reynolds number of 5 x 10 s . 

Nun = (0.037 Re 4 '' 5 - 871) Pr 1/3 

=[o.037(5.99 x 10 5 ) 4 - , ' 5 -87l](0.706) 1, '' 3 =e04. 



Then 
and 



ho = Nul:1:'L = o"0- ' 26.9 ■ 1 0* W ir. • Iv 2 ir. = 8 . 1 3 W ir." • X < 
q 1 = h L iA..(T = - T^) = S.13 W/m 2 K k 8 m 2 x (50°C - 20°C) = 1950 W < 



Similarly for T, = 80 3 C we find 

F D2 = 0.227 N. h L : = 7.16 W/m 3 -K, q^ = 3440 W 

< 

(b) Repeating the calculations for water 

u~L 5 m.'s x 0.1 m , . , ,. 5 
Re- , = -^ c — = — — = 6.86 x 10 3 

v 7.291 x 1<T m 2 /s 
Re^ =9.02 x 10 5 

The flow is turbulent at the end of the plate in both cases. 

C iU = 0 074(6 86 x 10 5 ) 1 ' 5 - 1742(6.36 x 10 5 )-'= 2.49 * 10" J 

F m = 2.49 x 10" 3 x 1/2 x 994 kg.-m 3 x (5 m s) : < 0.02 m 2 = 0 620 K < 
Nul = « 0.037(6.86 x 1Q 5 ) 4 '' 5 - 87l] C4.85) L '' 3 = 1450 

ho = 1450 x 0.625 W/m ■ K/0. 1 m = 9050 W/m 2 ■ K < 
q l = 9050 W/m 2 ■ K x 0.02 m 2 x (50°C - 20°C) = 5430 W < 

For the higher surface temperature, 

F D2 = 0.700 N, hL2 = 1 2.600 W/mr'-K, qj = 15,100 W < 

COAEMENTS : (1) For air, kinematic viscosity increases with increasing temperature. This 
decreases the Reynolds number which causes the transition to turbulence to move downstream, 
thereby decreasing the drag force and average heat transfer coefficient. The heat transfer rate 
increases for the higher surface temperauire, however, because of the greater temperature 
difference between the surface and air. (2) For water, kinematic viscosity decreases with 
increasing temperature, causing the opposite trends as for air. The hear transfer rare increases 
dramatically for the higher surface temperature because of the increases in both the heat transfer 
coefficient and temperature difference. (3) Even though the water flows over a plate that is 400 
rimes smaller, the drag force and heat transfer rate are Larger than for air because of the smaller 
viscosity and greater density, thermal conductivity, and Prandtl number. Hie discrepancy is 
particularly great for the hear transfer rate. (4) The problem highlights the importance of carefully 
accounting for the temperature dependence of thermal properties. 
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PROBLEM 7.12 



KNOWN: Velocity and temperature of water in parallel flow over .1 flat plate of 1-m length. 

FIXD: (a) Calculate and plot the variation of the local convection coefficient. h, ; (x). with distance for 
flow conditions corresponding to transition Reynolds numbers of 5 x 10 s , 3 >: 1 0 : and 0 (fully turbulent), 
(b) Plot the variation of the average convection coefficient, h x ( x j . for the three flow conditions of part 

(a), and (c) Determine the average convection coefficients for the entire plate. h : ., for the three flow 
conditions of part (a). 

SCHEMATIC: 



300 K 




u m = 2 m/s 



i L- 1 m 

ASSUMPTIONS: (1) Steady-state conditions. (2) Constant surface temperature, and (3) Critical 
Reynolds depends upon prescribed flow conditions. 

PROPERTIES: Table A.6, Water (300 K): p = 997 kgm\ yi = 855 x 1Q" 5 Nvitf. v = u/p = 0.858 x 
10"* m : s, k = 0.613 W/m-K Pr = 583. 

ANALYSIS: (a) The Reynolds number for the plate (L = 1 m) is 

Re L = ^ = W**!" = 2.33 x 10 6 . 
v 0.858x10 6 111 7s 

and the boundary layer is mixed with Re £C = 5 x 10\ 



x c = L(Re xc /Re L ) = lm 



5x10" 



■0.215m 



2.33 xl0 L 



Using the 1HT Correlation Tool. External Flow. Local coefficients for Laminar or Turbulent Flow, h^x) 
was evaluated and plotted with critical Reynolds numbers of 5 x 1Q\ 3.0 x 30 5 and 0 (fully turbulent). 
Xote the location of the laminar-turbulent transition for the first two flow conditions. 




Mb ■ Bib 

■ r. Rjivbiitiifefit 



Continued.. 
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PROBLEM 7.12 (Cour.) 

(b) Using the IHT CoiTelatfon Tool, Externa} Flow, Average coefficient for Laminar or Mixed Flow. 
h x (x) wa* evaluated and plotted for the three flow conditious. Note that the change 111 h K (x.) at the 

critical length, x^, is rather gradual, compared to the abrupt change for the local coefficient, hrfx). 




D | | | | | | | | | | 

J DJ OA D.E J = 



Jila-i:c rto. - *c liadnu crJuc.irfTii 

— ■ — ^sinc ■ ^Xtd'CA 
— Rsrc - i-E VksJ'ea 

Rem - D, Ful y m.iiuler: nurt 

(c) The average convection coefficients for the plate can be determined from the above plot since 
= 11 x ( L ) - ^ e v^lu* 3 f° r the three flow conditions are 

h L = 4110, 4490 and 5072 w/m : K < 

COMMENTS: A copy of the IHT Workspace used to generate the above plot is shown below. 

r Method of Solution: Use the Correlation Tools, External Flow, Flat Plate, for (i) Local laminar or turbulent 
flow and (ii) Average, laminar or mixed "low to evaluate the local and average convection coefficients as a 
function of position on 1he plate. In each of these tools, trie value of Hie critical Reynolds number. Rexc. can be 
set corresponding to the special low conditons. 'I 

//Correlation Tool: External Flow, Plate Plate, Local, laminar or turbulent flow. 
Nux = Nux_EF_FP_LT( Rex, Rexc, Pr) S Eq 7.23,36 
Nux = h«*x/k 
Rex = uinf * x / nu 
Rexc = 1e-10 

II Evaluate properties at the film temperature. Tf. 
HrTf=fJlf + Ts}f2 

f Correlation description: Parallel external flow{EF) over a flat plate (FP), local coefficient; laminar flow (L)for 
Rex<Rexc : Eq 7.23; turbulent flow (T) for Re»Rexc : Eq 7.36; u.6<:=Pr<=6D. See Table 7.9. */ 

//Correlation Tool: External Flow, Plate Plate, Average, laminar or mixed flow. 
NuLbar = NuL_bar_EF_FP_LM(Rex,Rexc.Pr) // Eq 7.M. 7.38 7.35 
NuLbar= hLbar * x/k I! Changed variable from Llo x 

//ReL = uinf *xt nu 
//Rexc = S.0ES 



C Correlation description: Parallel external flow{EF) over a flat plate (FP), average coencient: laminar (L) if 
ReL<Rexc, Eq 7.30; mixed (M}iTReL>Rexc, Eq 7.36 and 7.39: 0.6-s=Pr<=6D. See Table 7.9. *t 

II Properties Tool - Water: 

// Water pro perty functions :T dependence, From Table A.6 
// Units: T(K), p(bara); 
xf= 0 

p = psat_T("Water", Tf) 
nu = nu_Tx('Water" : Tf,x) 
k = k_TxCWater",Tf,x] 
Pr = Pr_Tx("vVater J ',Tf,x) 



// Qualify [0=sat liquid or 1 =sat vapor); "x" is used as spatia; coordinate 
// Saturation pressure, bar 
II Kinematic viscosity, nv*2/s 
//Thermal conductivity, W/m-K 
II Prandtl number 



// Assi gn ed Variabl es : 

x = 1 II Distance from leading edge; 0 <= x <= 1 m 

uinf = 2 II Freestream velocity, mYs 

Tf = 3DD // Film temperature, K 
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PROBLEM 7.13 

KNOWN: Two plates of length L and IL experience parallel flow with a critical Reynolds 
number of 5 x It)"". 

FIND: Reynolds numbers for which the total heat transfer rate is independent of orientation. 
SCHEMATIC: 




ASSUMPTIONS: (1) Plate temperatures and flow : conditions are equivalent. 

ANALYSIS: The total heat transfer rate would be the same (qL = q2L)- if the convection 
coefficient? were equal, Iil = ^2L- Condition? for which such an equality is possible may be 
inferred from a sketch of Iil versus R^L- 




(Re L >Re^ c ) r h L = CiL 1/5 -C 2 L ! . Hence h L varies with Rej_ as shown, and two 
possibihties are suggested. 



Case (a): Laminar flow exists on the shorter plate, while mixed flow 7 conditions exist on the 
longer plate. 

Case (b): Mixed boundary layer conditions exist on both plates. 

In both cases, it is required that 

Iil = h2L and R e 2L = 2 R- e L- 

Continued 
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PROBLEM 7.13 (Cant.) 

Case (a): From expressions for h^ in lammar and mixed flow 

0.664 ^ 2 Pr 1/3 = -i^fo.037 Re£ 5 -87l)Pr 1/3 
0.664 Re^ 2 =0.032 Re J' 5 -435. 

Since Rer_, ' :: 5 x 10 = and R«2L = 2 R?L ■ '" 5 x 10', the required value of ReL may be narrowed 
to the range 

2.5 x 1Q 3 < Rej_ < 5 < 10\ 
From a trial- aiid-error solution, it follows that 

Re L *3.2xl0 5 < 
Case (b)\ For mixed flow on both plates 

0.037 Re£ 5 - 371) Pr 1/3 =^(o.037 Re^ -87l) Pr 1 * 

or 



0.037 Re£ 5 -871= 0.032 Re J' 5 -435 
0.005 Re* 5 =436 

Re L «1.50xl0 6 . < 

COMMENTS: (1) Note that it is impossible to satisfy the requirement that hj_ = I12L *f 

5 

ReL < 0.25 < 10 (laminar flow tor both plates). 

(2) 'The results are independent of the nature of the fluid. 
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PROBLEM 7.14 



KNOWN: Dimensions of and heat generation rate in thin membrane. Velocity and temperature 
of air flow parallel to membrane. Air streams above and below membrane are in same, opposite, 
or orthogonal directions. 

FIND: (a) Minimum and maximum local membrane temperatures. Flow configuration that 
minimizes the membrane temperature, (b) Plot the surface temperature distribution for flow in 
the same and opposite directions. Fmd configuration that minimizes spatial temperature 
gradients. 




(iii) orthogonal 



ASSUMPTIONS: (1) Steady-state conditions, (2) Boundary layer assumptions hold (3) 
Constant properties. [4) Solutions are bounded by constant surface temperature and constant heat 
flux cases for the opposite and orthogonal flow configurations. 

PROPERTIES: Table A-4, Air (T : = 323 K): v = IS. 20 x 10 6 mVs, k = 0.02S0 W/mK, 
Pr = 0.704 



ANALYSIS: 

(a) We begin by calculating the Reynolds number 

u^L 2m/s* 0.15 m , j 
Re- = — — = r — — = l.tb x 10 4 

v 18.20 x 10^ m J /s 
Therefore flow is laminar. 



(a) Top and bottom flows m same direction. 

By symmetry, the heat flux from the membrane to the air is 50 W/m everywhere for die top and 
bottom air flows. Since the heat flux is uniform, the local Nusseit number is given bv Equation 

7.45, 

Nu x = 0.453 Re x ' 2 ?t ib 

Thus h„ = c q x~ L - 
where 

c q = 0.453(u»^ Pr 13 k 

= 0.453(2 m/s/18.2 x 10" e m 2 /s) 1/2 x (0.704) 1/3 x 0.02S W/m ■ K = 3.74 Wm m ■ K 
Then q; = h a (T s - ) and T, - T x = f- = ^x 1/2 (1) 

Continued. 
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PROBLLMM4 (t out.) 

Clearly the minimum temperature occurs at x = 0 and is 

T Vi-i Ta: 25 =C 

The maximum temperature occurs at x = L and is 

r maK = 2 5°C - 50 W/nr x (0.L5 m) 1 : -3 . 74 W/rn" 2 ■ K = 30.2°C < 

(ii) Top and bottom flows in opposite direction. 

The heat flux entering each of the top and bottom flows will no longer be uniform. Near x = 0, 
where the top flow first encounters the plate, the heat transfer coefficient on the top surface is 
theoretically infinite, and all the generated heat will enter the top flow. The opposite situation 
will occur at x = L. 

We bound the solution by considering Nusselt number correlations for uniform surface 
temperature and uniform surface heat flux. Equations 7.23 and 7.45. In both cases, the heat 
transfer coefficient varies as x""'\ where x is the distance from the leading edge, thus for the top 
and bottom, 

h, t = cx i: . h,. b = c(L-x)- 1,2 

And all of the generated heat is removed by the top and bottom flows: 

Thu, T - T x = = * (2) 

K~Kh c [x-"' 2 + (L- X )- L9 ] 

The minimum temperature occurs at x = 0 or x = L, and is 

1^ = ^ = 25=0 < 

The maximum temperature occurs where the denominator is minimum: 

Ar x -i-2- (L -x)-^~,=o 

dxL J 

.l x -^ + I(L-x)- 3/2 =0 
2 2 

x = L - x 
x = L/2 

At tliat location 

n" 

Ti^-iTr — Tor "*~ 



c2(L/2V 12 

For uniform surface temperature, 

c T = 0.332K/V) 1 ' 2 Pr 1 ' 3 k 

= 0.332(2 m/s/18.2 * IQ^nr/s) 1 : x (0.704) : 3 x 0.0280 Wm K = 2.74 Win 3 " -K 

And T_ = 25°C + 1Q ° WW - = 30.0=C 

2.74 W/m" ■ K >: 2 x (0. 1 5 m /2)- ],i 

Continued. 
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PROBLEM ".14 (Cant.) 

For uniform surface heat flux, we previously found c q — 3.74 W/m 3 ' 2 'K, thus, — 28.7 C C. 
Therefore, for the opposite flow case, 28.7 3 C < < 3Q.Q°C 

(111) Top and bottom flows in orthogonal directions. 
Here the heat transfer coefficients are given by 
h^ = ac~ IJa , hj.b = cy m 



And q'= C (s- ia +y- L, ' 2 ){T !! - T x ) 



So 



T. -T tt 



-l : 



The temperature will be minimum along x = 0 or y = 0, where 
Hie temperature will be maximum along x = y = L, where 



T = T - 



c2L" 



The values of c are the same as previously, therefore we find 30.2 C C < T aa -^ < 32.1°C < ~ 

The surface temperature is minimized when the air streams are in opposite directions, because a 
small heat transfer coefficient on the top is paired with a large heat transfer coefficient on the 

bottom and vice versa. < 



(b) IHTwas used to plot Equation (1) and (2) for c = cj or c q . Hie result is shown below. 



31 



Opposite direction 



Same direction 




D.D8 0.05 
* (m) 



o.-e 



Hie spatial temperature gradients are somewhat less for the opposite flow case. 

COMMENTS: To correctly treat the convective heat transfer would require a coupled numerical 
solution of the thermal energy equation for both boundary layers simultaneously. 
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PROBLEM 7.15 

KNOWN: Temperature, pressure and Reynolds number for air (low over a flat plate of uniform 
surface temperature. 

FIND: (a) Rate of heat transfer from the plate, (b) Rate of heat transfer if air velocity is doubled and 
pressure is increased to 10 atm. 

schematic:: 

(a^D > « 

u Wl J?e,= 4xl(r* — * T1 j-T^100'C 

Z.-SO'C j y ; > > —r^\ *-0.lm 

p = latm U. x L=o!lm 

ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) Uniform surface temperature, (3) Negligible 
radiation, (4) Re Xc = 5xl0 5 . 

PROPERTIES: Table A-4, Air(T f = 348K, 1 atm): k = 0.0299 W/m-K, Pr = 0.70. 

ANALYSIS: (a) The heat rate is 

q = h L (wxL) (T S -T OT ). 

4 

Since the flow is laminar over the entire plate for Rcl = 4 x 10 , it follows that 

Nu L =^^ = 0.664 Rc' L ' 2 Pr 1/3 = 0.664(40, 000) 1/2 (0.70) 1/3 =117.9. 

T inn k M - n 0.0299 W/m-K 2 V 

Hence hi = 1 17.9— = 1 17.9 =17.6W/m -K 

L L 0.2m 

and q = 17.6 — ^—{ 0.1m x 0.2m) (100-50)° C = 17.6 W. < 

m • K 

(b) With P2 = 10 p], it follows that pT = 10 p[ and vi = V]/10, Hence 

ReL2=(— ] = 2xl0^-^j =20Re LJ =8xl0 5 
and mixed boundary layer conditions exist on the plate. Hence 

\4/S 



Nu L =JlLL = |o.037 Re| /5 -87l) Pr 1/3 = 0.037 x ^8x lO 5 )*' ~* -871 



(0.70) 



1/3 



Nu, =961. 

r 0.0299 W/m-K , „ r „. , r Tr 

Hence, hi ^ 961 = 143.6 W/m-K 

L 0.2m 

q = 143.6— (0.lmx0.2m) (100-50)° C - 143.6 W. < 

m -K 

COMMENTS: Note that, in calculating Re[ 2- '^-al gas behavior has been assumed. It has also been 
assumed that k, li and Prare independent of pressure over the range considered. 
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PROBLEM 7.16 

KNOWN: Length and surface temperature of a rectangular fin. 

FIND; (a) Ileal removal per unit width, q . w hen air at a prescribed temperature and velocity is in parallel, 
turbulent flow over the tin. and (b) Calculate and plot q' for motorcycle speeds ranging from 10 to 100 km/h. 



SCHEMATIC: 

1!^= 80 km/h 
T= 300 K 



p - 1 atari 



. l: 



<2 Z 



3 



T,-523K 



2Zj 



\ 



I 

L = 0.15m 



ASSUMPTIONS: ( I ) Steady-state conditions, (2} Negligible radiation. (3) Turbulent flow over entire surface. 
PROPERTIES: Table ,4.4, Air (412 K, I aim): v - 27.85 x 1 0 4 ' m 2 /s, k = 0.0346 W/m- K, Pr = 0.69. 
ANALYSIS: (a) The heat loss per unit width is 
q' = 2x[h 1 .L(T s -T»)] 

w here ll is obtained from the correlation, Eq. 7.38 but w ith turbulent flow over the entire surface. 



Nu L = 0.037 Re*' 5 Pr 1/3 = 0.037 
Hence, 



80 km/h x 1 000 m/km x 1/3600 h/s x 0. 1 5 m 
27.85xl0" 6 m 2 /s 



-\4/5 



- k — 0.0346 W/m-K / 
h, = — Nut = '- 378 =87W/m~ 

L 0.15 m 

q' = 2 x jjs7 w/m 2 ■ K x 0. 15 m( 523 -300) k] = 5826 W/ti 



(0.69) 



i :> 



378 



(b) Using the foregoing equations in the II IT 
Workspace, q' as a function of speed was 
calculated and is plotted as shown. 



= 























































































— 





































0 20 40 CO 80 1 

Motorcycle speed, jirrf (m. r &) 

COMMENTS: ( I ) Radiation emission from the fin is not negligible. With an assumed emissivity of c = 
1 , the rate of emission per unit width at 80 km/h would be q' = {o~\^ J2L = 1273 W/m. [f the fin 

received negligible radiation from its surroundings, its loss by radiation would then be approximately 
20% of that by convection. 

(2) From the correlation and heat rate expression, it follows that q' - \ That is, q' vs. u,. is nearly 
linear as evident from the above plot. 
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PROBLEM 7.17 

KNOWN: Wall of n metal building experiences a 10 mph (4.47 nvs) breeze with air temperature of 
90° F (32.2°C) and solar insolation of 400 W/irf . The length of the wall in the wind direction is 10 m 
and the emissivity is 0.93. 

FIND: Estimate the average wall temperature. 

SCHEMATIC: 



T m = 90°F (32.2°C) 
Hd=5 mph (4.47 m/s) 



G s = 400W/m 2 



Building wall 



v^bW ' ^ = 0.93.08 = 1.0 

X L=10m 



ASSUM PTIONS: ( 1 ) Steady-state conditions, (2) The solar absorptivity of the wall is unity, (3) Sky 
irradiation is negligible. (4) Wall is isothermal at the average temperature T N . (5) Flow is fully 
turbulent over the wall, and (6) Negligible heat transfer into the building. 

PROPERTIES: Table A-4, Air (assume T f = 305 K, I atm); v = 16.27 x I0 6 m 2 /s, k = 0.02658 
W/m K, Pr 0.707. 

ANALYSIS: Perform an energy balance on the wall surface considering convection, absorbed 
irradiation and emission. On a per unit width basis, 

F' - F' - I"l 

L - , in ^out - " 

" ( lc\ +( a S G S- E s) L = 0 

h, L (T s T x ) + \ u s G s - «tT s 4 ) L = 0 ( I ) 

The average convection coefficient is estimated using Eq. 7.41 assuming fully turbulent flow over the 
length of the wall in the direction of the breeze. 

^ -jLi_ ( , 037Re 4/5p r 1/3 (2 ) 
k 

Re L =u 00 L/v = 4.47 m / s x 10 m / 16.27x1 0" (l m 2 ./ s = 2 .748 x 1 0 6 

h L = ( 0.02658 W / m ■ K / 1 0 m ) x 0.037 ( 2.748 x 1 0 (l j 4 " (0.707 )' 1 3 = 1 2,4 W / m 2 ■ K 

Substituting numerical values into Eq. ( I ), find T s . 

2 



-12.4 W/m" x 10m [T s -(32.2 + 273)] K 

+ 1 .0 * 400 W / m 2 - 0.93 x 5.67 x 10~ 8 W / m 2 - K 4 T,f JxlOm-0 

T. = 302.2 K = 29°C < 



COMMENTS: ( I ) The properties for the correlation should be evaluated at Tf = (T s + T , )I2 = 
304 K. The assumption of 305 K was reasonable. 

(2) Is the heat transfer by the emission process significant'? Would application of a low emissive 
coating be effective in reducing the wall temperature, assuming u.§ remained unchanged? Or, should a 
low solar absorbi ng coating be considered'.' 
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PROBLEM 7.18 



KNOWN: Solar cell material dimensions and properties, solar -to-electrical conversion efficiency 
dependence on silicon temperature, solar irradiation and location where the irradiation is 
absorbed, air velocity and temperature. 

FEND: (a) Electrical power produced and silicon temperature for a L = 1 m long, w = 0.1 m wide 
solar cell with G = 700 \V/nr with tripped boundary layer, (b) Same as Pan (a) but with L = 0. 1 
in, w = 1 in. (c) Plot of the electrical power produced and the silicon temperature for air velocities 
in the range 0 < u^ < 10 m's for the L = 0. 1 m configuration. 

SCHEMATIC: 



T„-2S - C 

G - 71QD W/tn* 



D'u a ilD mte 




ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional heat 
transfer, (4) Tripped and turbulent boundary layer. (5) Large surroundings, (6) Negligible contact 
resistances. 

PROPERTIES: Table A. 4, air (assume T f = 308 K, p = 1 arm): k = 0.0269 W/m-K, v = 1.669 x 
lCP'nr/s, Pr= 0.706. 

ANALYSIS: 

(a) We begin by drawing the thermal circuit for the problem, recognizing that there is no heat 
transfer downward from the thin silicon layer. 

Continued. ... 
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PROBLEM 7.18 {Cant.) 



C.- GA 




0.fl3GA(1-Ti) iT^T^ 



The thermal resistances are 

R Ke = L g /k s A = 3 * 10" 3 m/(l 4 W/m-K x 1 m x 0.1 m) = 21.43 x 10"' K/W 

R 71 = L a /k_ A = 0.1 x 10" 3 m/(145 -K x 1 m x 0.1 m) = 6.S97 x 10" 6 K W 



h iad = E? a(T 1 +T =UJ XTi 2 +T^) 



0.9 x 5.67 * 10" s W/m 2 -K 4 x + 298 K) x (Tf + (29SK) : ) x 1 m x 0.1 m 



(1) 



For the tripped boundary layer, 

Re L = 5fit= 4m/,xlm =m7xlQ 3 



v 1.669 x 10" 5 m 2 /s 



From Equation 7.38 



Nul = 0.037ReL 5 Pr ] ' 3 = 0.037 x [239.7 * 10 3 ■ ' x Q.706 1 '' 3 = 662.8 

h = Nut>L = 662. S x0.0269 W/m - Kim = 17.82 W/m 2 ■ K 

1 



17.82W/m 2 -Kx 1 m 0.1 m 



= 561.2 xlO~ J K/W 



From the thermal circuit, 

0.83GA (1 - ii) = <T 3 - T]>.'(R tjS - R ta ) or T 3 - T] = (R t>? - R__ ) 0.83GA (1 - n) 

T 3 - Ti = (21.43 x 10" J K/W + 6.897 x 10" e K/W)* 0.83 x 700 W/m 2 x 1m x 0.1m x (l- n ) 
T 3 -Tj = 1.245(1 -ii) (2) 
We ako note from the thermal circuit. 

Continued... 
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PROBLEM ".18 {t out.) 

0.83GA (1 - n) + 0.1G = (T, - T^JfS^ + [Ti - I*)/R tiK5UV 
Since To= = Tjq, 

1 1 



G.83GA(1 -q)+ 0.1G = (Ti -T :UT )| 
O.S3GA(l O.IGA 



T l _ T sur - 



_ 0.83 x 700 W/m 2 x l m x Q.l m x (l - n ) + 0.1 x 700 W/m 2 x L m x 0.1 m 



1.781 9 W/K 



where n = 0.2 8 - 0 . 00 1 = C" 1 * (Ti - 2 73)°C (4) 

Equations (1) - (4) may be solved simultaneously to yield 

q = 0.2324, T 3 = T =i = 47.6°C, Tj = 46.6°C, R t Ild = 1 .661 K/W < 

The electric power is P = O.S3GAn = 0.83 * 700 W/m 2 x 1 m x 0. 1 m x 0.2324 = 13.50 W < 



n m L 4/msxO.lm „„„ „ - 

Re* = -=— = . — =— =239.7x10' 

v 1.669 x 10° m 2 /s 



(b) For the tripped boundary Liver 

Re L = ^ 
v 

From Equation 7.38 

Nul = 0.037Re 4 W 3 = 0.037 x ^239.7 x 10 2 ]°' S x 0.706"' 3 = 105 

h = Nu L k/L = 1 05 x 0.0269 W/m ■ K/^ = 2 &.25 W/m 2 - K 

R tKm . = 1/hA = 5— I = 3 54.0 x 1 0" 3 K / W 

28.25 W/m 2 -Kx Im* 0.1m 

Proceeding as in Part (a) we find 

ti = 0.239. T 3 = = 40.9S°C, Tj = WC R t ^ d = 1.717 K/W. P = 13.89 W 



(c) Solving Equations 1 through 4 over the velocity range 0 < u Q < 10 nv'i yields the following 
behavior 



Continued... 
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PROBLIM'.LS (tout.) 



Sil icon Temperature vs. Air Velocity 
1D0 -, 




□ 2 4 6 S 

Air Velocity (rr/s) 



Electric Pcwe' vs Air Velcchy 
IS -, 




0 : 4 6 9 ' 3 

Air Velocity (rr/5) 

COMMENTS: (1) Changing the orientation of the solar panel to the L = 0.1 in configuration 
reduce? the temperature of the silicon semiconductor significantly. The influence of the 
orientation on the electric power would be more pronounced for warmer air temperatures. (2) 
Decreasing the air velocity results in significantly diminished power output. At very low cross 
flow velocities, natural convection would become significant and would lead to slightly improved 
power output relative to that predicted here. (3) Film temperatures for Parts (a) and (b) are 35.B 
°C and 32.5 °C 7 respectively. The assumed value of the film temperature is good. 
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PROBLEM 7.19 



KNOWN: Dimensions of a photovoltaic cell, cooling air velocity and temperature, size of 
concentrating lens, photovoltaic construction and properties. 

FIND: (a) The electric power output and silicon temperature of a system consisting of a 400 mm 
x 400 mm concentrating lens and a 100 mm x 100 mm photovoltaic cell, (b) Variation of the 
electric power output and silicon temperature for 100 mm £ L„= £ 500 mm. 



SCHEMATIC: 

Solar rradiat on , G 




ASSUMPTIONS: (I) Steady-state conditions, (2) Constant properties, [3) One-dimensional heat 
transfer, (4) Tripped and turbulent boundary layer, (5) Large surroundings, [6) Negligible contact 
resistances. 

PROPERTIES: Given, Glass: kg = 1.4 W/nvK, s ? = 0.90, Adhesive: k, = 145 W/m-K, Solder, k, 
= 50 W 'mK. Aluminum nitride: k^ = 120 WmK, Table A.4, air {assume T : = 70^): k = 
0.02948 \\7mK, v = 2.022 x 10""' mVs, Pi = 0.701. 

ANALYSIS: 

(a) We begin by drawing the thermal circuit 



Continued... 
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PROBLEM 7.19 (Cont.) 




The thermal resistances are 

R._ E = L s /(k a A) = 3 * 10"-' m/(l.4 W/m - K x 0.1 m * 0.1 m) = 0.2 143 K W 

R u =L r ; (k 1 A)=0.1 x 10"" tn/(l45 W/m-K x 0.1 m x 0.1 m) =6.897 x 10"' K/W 

=L s /(k s A) = 0.1 x 10" 3 in/(50 W/m-K x 0.1 m x 0.1 m) = 200 x 10^ K/W 

R tail = L^y'Ck^A) =2x10"' m/(120 W/m ■ K x 0.1 m * 0.1 m) = 1.67 x 10"" K/W 

h jaditp =s g a(T 1 +T =ur )(Ti 2 +xi) 

R . = ! 

trad:lp 0.9 x 5.67 x lO" 8 W/m 2 ■ K 4 x (Tj - 298 K) x (T 2 - (298 K) : ) 
l^d 0 =^CT 5 ^T =ur )(T/+T^) 

R = ! 

,_lLld,b 0.95 x 5.67 x 10 4 W/m 2 ■ K 4 x (T 5 ■+ 298 K) x (J? ■+ (298 K) 2 ) 
For the top and bottom tripped boundary layers. 



(1) 



(2) 



Re : 



u x L_ 



:? m/s xO.lm 
2.022 x 10" 5 rrr/i 



= 24. 73x1 0 3 



From Equation 7.38 



Continued. 
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PROBLEM 7.19 (Cont.) 

Nul = 0.057ReL 5 Pr ! ^ =0.037 x | 24.73 x 10 J ]°' 8 x 0.701 1 ' = 107.5 

r , ^ 107.5* 0.02948 W/m-K i T , 

h = Nui_k/L = = 3 1 .69 W m" ■ K 

0.1 m 

R.™. = l/hA = J/ , , =3.155K/W 

M ™ m / (3 1.69 W/ur ■ K x 0. L m x 0.1 m) 

From the thermal circuit, 

0.83G,A (1 - = 0.S3G (L 1hi ,,L) : A(1 - n) = q t - q b 

0.83 x 700 W/m 2 ' 4 2 x 0.1 m x 0.1 m x (1 - n) = q t + q b 

9296W = ( qi +q k )/(l-Tl) (3) 

where 

qt = (T 3 - T) /(Ri.a + R.|) = (Tj - Ti) /0 .2 144 &W (4) 

and 

qt = (Ti -T^J/ 



= (Tj - 298 K) / (Tj - 298 K)/ 

/Rtndjtp ' /3.I55KVW 



qb /R IL /R 

_(T S -29SK)/ (Tj -29SK) 

/R^b /3.155KW 
The solar-to-electncal conversion efficiency is 



(5) 



Likewise 

qt = (T 3 - T,) . iR : - R, J = (T. - Tj) .-'1.87 x 10" 3 K/W (6) 

and 



(?) 



n = o.28 - o.oorc" 1 * g 3 - 273}°c (s) 

Equations (1) through (8) may be solved simultaneously to yield 

=T 3 -273 = 125.9°C, q = 0.1541, Ti = 390.9 KT 5 = 398.8 K, 
R u^tp = 1L7S ^'W, R t :ra d,b = 10-75 K/W, q t = 37.32 W, q b = 41.32 W. 
The electric power produced is 
P = 0.83G CL bn5 yL) 2 AT) 

= 0.83 x 700 W/'m 2 * 4 2 x o.l m x 0.1 m x 0.1541 = 14.33 W < 

Continued... 
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PROBLEM 7.10 (Cont.) 

(b) The IHT Software may be used to investigate the sensitivity of the silicon temperature and the 
electric power produced in response to the concentrating lense size. Results are shown below. <: 



Eleslrc Power vs Conoer:rato' Size 
16 -, 




1DD ICC ?CO 40D 50C 

Concentratcr Dirrensian <mrn:i 



Silicon Temperature Concentrator Size 




1DD 2CO 300 40D SOD 

Concentrator Size (mm) 



CGMMEXTS: (1) The electric power output is highly sensitive to the size of the 
concentrating lens The concentrated irradiation continually increases; as the concentrator 
is made larger untiL eventually, the silicon temperature becomes very high and the solar- 
to-electiical conversion efficiency becomes small. (2) The electric pow : er could be 
increased if heat sinks and/or liquid cooling could be applied to the solar cell, keeping the 
silicon temperature low and the conversion efficiency relatively high. (3) The assumed 
film temperature is a good estimate since Tf.tp= 71.4 °C and Tf:bc-t = 75.4 °C. 
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PROBLEM 7.20 

KNOWN: Material properties, inner surface temperature and dimensions of roof of refrigerated truck 
compartment. Truck speed and ambient temperature. Solar irradiation. 

FIND : (a) Outer surface temperature of roof and rate of heat transfer to compartment, (b) Effect of 
changing radiative properties of outer surface, (c) Effect of eliminating insulation. 

SCHEMATIC: 

q£ = 750W/m2 q" CO nv E r T 90 ,e-a s = 0.5 

1^ = 105km/h > \ \ f W- 3.5m 

> \ \ / / 



T ro = 32°C 



i , ti = 5 mm 

Urethane foam f l - ^ \ ^ 

k, = 0.02 B W/m-K >• q «*"<i , , t 2 - 50 mm 



S " ,v i 

k p = 180 W/m-K 



Aluminum alloy - - "~" t ' tit 

T,i = -10 D C 



ASSUMPTIONS : (L) Negligible irradiation from the sky. (2) Turbulent flow over entire outer 
surface, (3) Average convection coefficient maybe used to estimate average surface temperature, (4) 
Constant properties. 

PROPERTIES: Table A-4, air {p = 1 atni T f s 3Q0K): v = 15.89 x 10" 6 m 2 /&, k = 0.0263 W/m-K, Pr 
= 0.707. 

ANALYSIS: (a) From an energy balance for die outer surface, 

ff S G S + Iconv - E = <kond = ^ ° „ ^ 

K tot 

c s G s + h (l x - T S;0 ) - £CTT* 0 = + ^ 

where R p = (n ■' k p ) = 2 .78 k 10~' m 2 ■ K • W : R- = (t 2 kj ) = 1 .923 in 2 ■ K / W, and with Re L = u x L / v 
= 29.2m/sxl0m/15 89xl0 H5 m 2 /s = l 84xl0 7 . 

- k 4 '5 1/3 0.0263 W/m-K / 7\ 4/5 , a/3 

h=— 0.037 Rer Pr = 0.037 1.S4X10 1 f 0.707) =56.2 W/m-K 

L 10m ' 



Hence, 

T 5 _ 0 - 263K 



0.5 ^750 W./m 3 ' ■ K J + 56.2 W/ m 2 ■ k(305 - T s „ ) - 0.5 x 5.67 x 10 S W / m 1 ■ K 4 lf 0 



1 5.56x10 5 + \.S2ijm 2 K •' W 

Solving, we obtain 



T Si£> =306.8K = 33.8 S C 
Hence, the heat load is 

, , , (33.8 + 10 Y=C 
q = (W-L)q' nd =(3.5rnxl0m) ^— : = 797 W 

1.923 m 2 -K/W 
(b) With the special surface finish (a s =0.15, e =0.S), 

Continued 
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PROBLEM 7.20 (Cant.) 



T so =300. IK = 27. 1°C 



q=675.3W 

(c) Without the insulation (n = 0} and with ots = s = 0.5. 



T s 0 = 263.1K = -9.9°C 



q = 90 r 630W < 

COMMENTS: (1) Use of the special surface finish reduces the solar input., while increasing radiation 
emission from the surface. The cumulative effect is to reduce the heat load by 15%. (2) The thermal 
resistance of the aluminum panels is negligible, and without the insulation, the heat load is enormous. 



ftsPS T 6iCl T 8ii 

qconv / Ulkp t 2 /K| t,;k u 
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PROBLEM 7.21 

KNOWN: Surface characteristics of a flat plate in an air stream. 
FIND: Orientation which minimizes convection heat transfer. 
SCHEMATIC: 



A L*lm V Configuration (1) 



u w =ZOmfs 
p = lafm 



ASSUMP TIONS: ( I ) Surface B is sufficiently rough to trip the boundary layer when in the 
upstream position (Configuration 2). 

PROPERTIES: Table A-4, Air (T f = 333K, 1 atm): v- 19.2 x 10" 6 m 2 /s, k =28.7 x 10" 3 
W/m-K, Pr-0.7. 

ANALYSIS: Since Configuration (2) results in a turbulent boundary layer over the entire 
surface, the lowest heat transfer is associated with Configuration ( 1 ). Find 

Re L = ^ = 20m/ 7'" 1 = 1 .04 x 1 0*. 

Hence in Configuration ( 1 ), transition will occur just before the rough surface (x c = 0.48m). 
Note thai 



Nu 



L.l 



, y4/5 
)4xHF j -871 

4/5 



0.7 1/3 = 1366 



N 



u L 2 = 0.037 ( 1 .04x 1 0 6 J (0.7) 1/3 = 2 1 39 > Nu L 



I ■ 



For Configuration ( 1 ): 
I lence 



= Nu L , =1366. 



and 



h LJ = 1 366 (28.7 x 10~ 3 W/m ■ K J / 1 m = 39.2 W/m 2 ■ K 

qi =h Li ] A(T S - Taj ) = 39.2 W/m 2 • K(0.5m x lm)(l00 - 20) K 
qi = 1568 W. 



< 
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PROBLEM 7.22 



KNOWN: Prevailing wind with prescribed speed blows past ten window panels, each of 1-m length, on 
a penthouse tower. 

FIND: (a) Average convection coefficient for the first, third and tenth window panels when the wind 
speed is 5 m/s; evaluate thermophysical properties at 300 K, but determine suitability when ambient air 
temperature is in the range - 1 5 < T a < 38°C; (b) Compute and plot the average coefficients for the same 
panels with wind speeds for the range 5 < u x < 100 km/h; explain features and relative magnitudes. 



SCHEMATIC: 




3 Li Is rg 



'Window panel 
1 m length in x-di recti on 

ASSUMPTIONS: (1) Steady- state conditions. (2) Constant properties. (3) Wind over panels 
approximates parallel flow over a smooth flat plate, and (4) Transition Reynolds number is Re iC = 5 x 
10\ 

PROPERTIES: Table A.4,Ak {T f = 300 K 1 atm): v = 1 5.89 x 1 0" 5 nr/s, k = 26.3 x 10" 3 W/m-K, Pr = 
0.707. 

ANALYSIS: (a) The average convection coefficients for the first, third and tenth panels are 



hi 



h 2-3 = 



I13X3 -Il^XT 



h 9-10 = 



h 10 x lQ- h 9 x 9 



(1,2,3) 



x 3 -x 2 X 1Q" K 9 
where h 2 = h 2 ( x 2 ) = etc. If Re K c = 5 x 10\ with properties evaluated at Tf = 300 K, transition occurs at 



V — 15.89x10 6 m 2 /s , lft5 . 

x r = Re x c = — X5xl0 j =1 

5ny& 



59m 



The flow over the first panel is laminar, and h L can be estimated using Eq. (7.30). 

^ xl =^ = 0.664Re x /2 Pr 1/3 
k 



h t =(0.0263\V/m-Kx0.664/lui)(5m/sxlm/l5.89KlO 6 nr/s f 2 (0.707 J 1 ' 3 = 8.73w/m 2 -K 



< 



The flow over the third and tenth panels is mixed, and h 2 , b.3 . hg and hjrj can be estimated using Eq. 
(7.41). For the third panel with X3 = 3 m and X; = 2 ul 

^ x3= te = f 0 .o 3 7Rel /5 -87l]Pr 1/3 



h 3 =(0.0263 W/m-K/3in) 

0.037(5in/sx3m/l5.89xl0~ 6 m 2 /s) -871 (0.707) 1 '' 3 =10.6w/m 2 K 



Continued.. 
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PROBLEM ".22 (Cent.) 



h 2 =(0.0263 W/m-K/2m) 



Q.Q3?( 5m/sx 2in/l 5. 89 x 10 6 m 2 /s] 4 ^ -871 (0.707) 1 ' 3 =S.68w/m 2 K 



From Eq. (2), 

h 2 _3 = 



10.6 1 w/m 2 - K x 3m - 8..6S w/ m 2 ■ K x 2m . , .,„./_: 
(3-2)m 



■ = 14.5w/i 



K 



Following the same procedure for the tenth panel, find Iij q = 11.64 W/m K and I19 =11.71 W/m -K, 
and 

h 9 _lQ = 11.1 w/m 2 - K < 
Assuming that the window panel temperature will always be close to room temperature, T E = 23 C C = 296" 
K. If T T ranges from -15 to 38 °C the film temperature, T : - = (T= + Tj/2, will vary from 275 to 310 K. 
We'll explore the effect of Tf subsequently. 

(b) Using the IHT Too':. Correlations , Externa! Fiom\ Fia; Plate, results were obtained for the average 
coefficient s F. Using Eqs. (2) and (3).. average coefficients for the panels as a function of wind speed 
were computed and plotted. 




CO.\DEENTS: (1) The behavior of the panel average coefficients as a function of wind speed can be 
explained from the behavior of the local coefficient as a function of distance for difference velocities as 
plotted below. 























































































K- 






r 











a 2 i ~ s ki 

Dfrarce ftcn leaalrg edge, x (rr: 



■ ulr J - = hm-r 

■ Jr J - -z :r "1 

■ uir" - 25 (crr-n 

■ Jr '-- : '- vl Continued... 
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PROBLEM 1.12 (Coiir.) 



For low wind ipeeds, transition occurs near the mid-panel, making and lici_io nearly equal and very 
high because of leading-edge and turbulence effects, respectively. As the wind speed increases, transition 
occurs closer to the leading edge. Xorice how hi_3 increases rather abruptly, subsequently becoming 

greater than hg_iQ . The abrupt increase in h- around 30 kmh is a consequence of transition occurring 
with x < lm. 

(2) Using the EHT code developed for the foregoing am lysis with u^ = 5 nif%. the effect of Tf is tabulated 
below 

T f (K) 

hi (W/mP-K) 
h 2 _3 (>V/m 2 K) 
h ? _ 10 (W/m 2 K) 

The overall effect of Tf on estimates for the average panel coefficient is slight, less than 5%. 



27:" 


300 


310 


8.72 


8.73 


8.70 


15.1 


14.5 


14.2 


11.6 


11.1 


10.S 
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PROBLEM 7.23 



KNOWN: Design of an anemometer comprised of a thin metallic strip supported by stiff rods serving as 
electrodes for passage of heating current. Fine-wire thermocouple on trailing edge of strip. 

FIND: (a) Relationship between electrical power dissipation per unit width of the strip in the transverse 
direction. P" (mW/mm). and airstream velocity 1 u z when maintained at constant strip temperature, T=: 
show the relationship graphically; (b) The uncertainty in tlie airstream velocity' if the accuracy with which 
the strip temperature can be measured and maintained constant is =0.2 ; C; (c) Relationship between strip 
temperature and airstream velocity u, when the strip is provided with a constant power. P' = 30 mW/mm: 
show the relationship graphically. Also, find the uncertainly' in the airstream velocity 7 if the accuracy with 
w hich the strip temperature can be measured is =0.2 3 C; (d) Compare features associated with each of the 
operating nodes. 

SCHEMATIC: 




, Support rod and 
/ current lead 



ASSUMPTIONS: (1) Steady- state conditions, (2) Constant properties, (3) Strip has uniform temperature 
in the midspan region of the strip . (4) Negligible conduction in the transverse direction in the midspau 
region, and (5) Airstream over strip approximates parallel flow over two sides of a smooth flat plate. 

ANALYSIS: (a) In the midspan region of uniform temperature T 4 with no conduction in the transverse 
direction, all the dissipated electrical power is transferred by convection to the airstream 



P^lL^-V) 



il) 



where P r is the power per unit width (transverse direction). Using the IHT Correlation Tool for External 
Flow-Flat Plate the power as a function of airstream velocity was determined and is plotted below. The 
UTT tool uses the flat plate correlation, Eq. 7.30 since the flow is laminar over this velocity range. 




□ -| 1 1 1 1 1 1 1 1 1 

0 10 3D 40 5D 

Continued... 
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PROBLEM 7.23 (Com.) 

(b) By differentiation of Eq. (1), the relative uncertainties of the convection coefficient and stop 
temperature are. assuming the power remains constant. 



Ml 

h 



T -T 



Since the flow was laminar for the range of airstream velocities, Eq. 7.30, 



or 



Hence, the relative uncertainty in the air velocity due to uncertainty in T 5 , AT 5 = ±0.2' C 
Au x , AT, „ =0.2 C C 



2 AT S 
T -T 



(2) 



(3) 



(4)< 



lI ao is _i oo (35-25'fC 

(c) Using the EHT workspace setting P' = 30 mW/rnm. the strip temperature T ; as a function of the 
airstream velocity was determined and plotted. Note that the slope of the T E vs. airve is steep for low 
velocities and relatively fiat for high velocities. That is. the technique is more sensitive at lower 
velocities. Using Eq. (4), but with T= dependent upon u t , tlie relative uncertainty in can be 
determined. 





(d) For the constant power mode of operation, part (a), the uncertainty' in u^. due to uncertainty in 
temperature measurement was found as 4%, independent of the magnitude u r . For the constant- 
temperature mode of operation, the uncertainty in u^ is less than 4% for velocities less than 30 m/s. with 
a value of 1 % around 2 m/s. However, m the upper velocity range, the error increases to 5%. 
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PROBLEM 7.24 

KNOWN: Plate dimensions and initial temperature. Velocity and temperature of air in parallel flow 
over plates, 

FIND: Initial rate of heal transfer from plate. Rate of change of plate temperature, 
SCHEMATIC: 




ASSUM PTIONS: ( 1 ) Negligible radiation, (2) Negligible effect of conveyor velocity on boundary 
layer development. (3) Plates are isothermal, (4) Negligible heat transfer from sides of plate, (5) 

Re x c = 5 x 10 5 , (fi) Constant properties. 

PROPERTIES: Table A-h A ISI 1010 steel (573K): k p 49.2 W/m-K. c 549 J/kg-K, p 7832 
kg/m 3 . Table A-4, Air(p 1 at in. T f 433K): v 30.4 x 1 0 _< \ii 2 /s, k 0.0361 W/m K, Pr 0.688. 

ANALYSIS: The initial rate of heat transfer from a plate is 

q = 2hA s (Tj -T c0 ) = 2hL 2 (T i -T co ) 

With Re [ = u L / v = 1 0 m / sxlm / 30.4x10 6 m 2 / s = 3.29xlO S . flow is la miliar over the cut i re surface 
and 

1/2 

Nu, =0.664Re' L ' 2 Pr 1 ' 3 = 0.664^3.29 x 10 5 ) ' (0.688)' /3 = 336 
h = (k / L) Nu L = f 0.036 1 W7m -K/ lm) 336 = 12. 1 W / m 2 • K 

I lenee. 

q = 2x 12.1 W/m 2 K(lm) 2 (300-20)°C = 6780 W < 

Performing an energy balance at an instant of lime for a control surface about the plate, -E out = E st , 
we obtain ( Eq, 5,2}, 



pdL c — 
dt 



= -h2L 2 (Tj-T w ) 



dT 



2|l2. 1 W / m 2 • k|(300 - 20)°C 



7832 kg / m x 0.006m x 549 J / kg ■ K 



= -0.26°C/s 



COMMENTS: ( I ) With Bi = h (S!2)l k p = 7.4x 10 , use of the lumped capacitance method is 

appropriate. {2) Despite the large plate temperature and the small convection coefficient, if adjoining 
plates are in close proximity, radiation exchange with the surroundings will be small and the 
assumption of negligible radiation is justifiable. 
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PROBLEM 7.25 



KNOWN: Velocity, initial temperature, and dimensions of aluminum strip on a production line. 
Velocity and temperature of air in counter flow over top surface of strip. 

FEND: (a) Differential equation goveming temperature distribution along the strip and expression for 
outlet temperature, (b) Value of outlet temperature for prescribed conditions. 



SCHEMATIC: 



\i ¥ 



— > V= 0.1 rrts, 

J\ k n | \ T 

5 = 2mm'L = 5m dx x< 1 '* 

ASSUMPTIONS : (1) Negligible variation of sheet temperature across its thickness, (2) Negligible 
effect of conduction along length (x) of sheet, (3) Negligible radiation, (4) Turbulent flow over entire 
top surface, (5) Negligible effect of sheet velocity on boundary 7 layer development. (6) Negligible heat 
transfer from bottom surface and sides, (7) Constant properties. 

PROPERTIES: Table A-L Aluminum, 2024-T6 ( T^]_ = 500K )'.p = 2770 kg / in" , c p = 9S 3 J .. kg ■ K. 

k=l So W/mK. Table A-4. Air (p-1 atm. T f * 400K } : i'= 26.4 x 1 0 -6 rn 2 i s, k =0.0338 W / m ■ K, 
Pr = 0.69 

ANALYSIS: (a) Applying conservation of energy to a stationary 1 control surface, through which the 
sheet moves, steady- state conditions exist and E j u - E 0(lt = 0. Hence, with inflow due to advection 
and outflow due to advection and convection. 

pVA c c p (T + dT) - pV A c c p T - dq = 0 
4- p V 5 W c p dT - h x ( dx ■ W )( T - ) = 0 

dx p\ d Cp 

Alternatively, if the control surface is fixed to the sheet, conditions are transient and the energy 
balance is of the form, -E our = E st . or 

-h x (dx ■ W)(T - T M ) = p (dx ■ W ■ S) cp ^ 
dt pSc p 

Dividing tlie left- and right-hand sides of the equation by dx/dt and dx'dt = - V. respectively, equation 
(1) is obtained. The equation may be integrated from x = 0 to x = L to obtain 



Ti dT L 



T o T-T x pVSct 



Continued 
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PROBLEM 7.25 (Cont.) 

where h x = (k. : x }0.0296Re^'' 3 Pr 1 ' J and the bracketed term on the right-hand side of the equation 
reduces to h L = (k/L) 0.037 ReL 5 P«" 1/3 - 



Hence, 



Lh L 
pVSc p 

r — 



T -T 



— exp 



(b) For the prescribed conditions. Re^ ~ "^.L ■■' i' = 20 m ■■' s k 5m / 26.4 « 10 m / s = 3 . 79 x 1 0 and 



T 0 = 20°C + (280°C)exp 



5m x 40.5 W/m- -K 



2770 kg / m x 0. 1 m / s x 0.002m :< 9S3 J / kg ■ K , 



= 213<>C 



COMMENTS: (1) With T 0 = 213°C : T A1 = 530K and T f = 41 IK are close to values used to 
determine the material properties, and iteration is not needed. (2) For a representative emissivity of 
e = 0.2 and T riir = T K . the maximum value of the radiation coefficient is 

h r = ea- (Tj 4- T £ur )^Tf - \ = 4. 1 W / m" K « h]_ . Hence, the assumption of negligible radiation 
appropnate. 



is 
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Velocity and temperature of; 



PROBLEM 7.26 

KNOWN: Velocity 7 , initial temperature, properties and dimensions of steel strip on a production line. 

>f air in cross flow over top and bottom surfaces of strip. Temperature of 

surroundings. 

FEND: (a) Differential equation governing temperature distribution along the strip, (b) Exact solution 
for negligible radiation and corresponding value of outlet temperature for prescribed conditions, (c) 
Effect of radiation on outlet temperature, and parametric effect of sheet velocity on temperature 
distribution. 

SCHEMATIC: 



T SJ 2C r C dc dx 
Ti-500'C ^ 

1 



= 3 mm 



T ffl 




V = 0.1 m/s 



L= 10m 



Ujjj = 20 m/s 



ASSUMPTIONS : (1) Negligible variation of sheet temperature across its width and thickness, (2) 
Negligible effect of conduction along length (x) of sheet, (3) Constant properties, (4) Radiation 
exchange between small surface (both sides of sheet) and large surroundings, (5) Turbulent flow over 
top and bottom surfaces of sheet, (6) Motion of sheet lias a negligible effect on the convection 

coefficient, (V « u E ), (7) Negligible heat transfer from sides of sheet. 

PROPERTIES: Prescribed. Steel: p = 7350 kg / ni 3 , c p = 620 J / kg - K, z = 0.70. Air: k = 0.044 
W/mE, v = 4.5 x 10~ 5 m 2 ! \, Pr = O.oS. 



ANALYSIS: (a) Applying conservation of energy to a stationary differential control surface, through 
which the sheet passes, conditions are steady and E^ - E our =0. Hence, with inflow due to advection 
and outflow due to advection, convection and radiation 
pVA c c p T- pVA c Cp (T + dT)-2dq = 0 



-pVt?Wc p dT-2(Wdx) 

dT 2 

dx 



hwtT-T^ + FafT 4 -^ 



= 0 



pV,c p L^ (T - T - ) + H t4 - T -)| 
Alternatively, if the control surface is fixed to the sheet, conditions are transient and the energy 



balance is of the form, -E r 



o: 



-2(Wdx) 



ri W (T-T. x ) + a7(T 4 -r,: 



4 

sur 



j = p(W<5dx)c p 



dT 

dt 



dT 
"dT 



Dividing the left- and right-liand sides of the equation by dx/dt and V = dx/dt, respectively, Eq. (1) is 
obtained. 

(b) Neglecting radiation, separating variables and integratmg. Eq. (1) becomes 



T dT 2h w -m 



r flI _ 



tlx 



Continued 
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PROBLEM 7.26 (Cont.) 



In 



T-I-, 



n-T x : pV<?c p 



T = T 00 +(Ti-T x )expi - 



2L 



W 



(2) < 



"With Rje^r = u ao W/i'=20m/Bxlm/4xlO ^ m" / s = 5 x 10^ . the correlation for turbulent flow over a 
flat plate yields 



Nu w =0.037Re^ 5 Pr L/3 = 0.037 j: !■■ 



,4/5 



.1 3 



(5xlO J J (0.6Sf =11 



79 



, k— 0.044 W/m-K,,„ -, n „ TI 2„ 

h\ V = — Nu.,, = 1179 = M.9W7m -K 

W W lm 

Hence, applying Eq. (2) at x = L = IOttl 

2x51.9W/m 2 -KxlOm 



T c =20°C + (48O°C)exp 



v 7550 kg / m j x 0. 1 m / s x O.O03m x 620 J / kg ■ K 



= 256~°C < 



(c) Using the DER function of IHT. Eq. (1) may be numerically integrated from x = 0tox = L = 10m 
to obtain 



T 0 = 210 3 C 



Contrasting this result with that of Part (b), it's clear that radiation makes a discernable contribution to 
cooling of the sheet. IHT was also used to determine die effect of the sheet velocity on the 
temperature distribution. 




The sheet velocity lias a significant influence on the temperature distribution. The temperature decay 
decreases with increasing V due to the increasing effect of advection on energy transfer in the x 
direction. 

COMMENTS: (1) A critical parameter in the production process is the coiling lemps/wture. that is. 
the temperature at winch the wire may be safely coiled for subsequent storage or shipment. The larger 
the production rate (V). the longer the cooling distance needed to achieve a desired coiling 

temperature. (2) Cooling may be enhanced by increasing the cross stream velocity 7 u~. 
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PROBLEM 7.27 
KNOWN: Length, thickness, speed and temperature of steel strip. 

FIND: Rate of change of strip temperature I m from leading edge and at trailing edge. Location of 
minimum cooling rate. 



SCHEMATIC: 



T=1ZOOK- 



8 = 0.003m T °o^ 3 °°K 



L=100m 



->V=20m/s 



ASSUMPTIONS: ( 1 > Constant properties, (2} Negligible radiation, (3) Negligible longitudinal 
conduction in strip, (4) Critical Reynolds number is 5 x 10 . 

PROPERTIES: Steel (given): p 7900 kg/m\ c p 640 J/kg-K. Table .4-4, Air 
(T = 750K, I atm) : V 76.4 x 1()~ 6 m 2 /s, k = 0.0549 W/nv K, Pr 0.702. 



ANALYSIS: Performing an energy balance for a control mass of unit surface area A s riding with the 
strip, 

-Eout = d Est /dt 



-2h x A s (T=T c0 ) = pS A s c p (dT/dt) 

-2h x (T-T (W )_ 2(900K)h x 



dT/dt = ■ 



At x = I m. 



Re x = 



pSc p 
Vx 

" 76.4x10"" m'/s 



7900 kg/m J (0.003 m ) 640 J/kg ■ K 

20 til's 1 1 m ) s 

1 — i — = 2.62 x 1 fy < Re x c . 1 lenee. 

-6 „2 



0. 1 19h x (K/s). 



h x = (k/x)0.332Rc' /2 Pr l/3 = °-° 54 * ^ /m ' K (0.332)(2.62xl0 5 ) W2 (0.702) l/3 =8.29W/m 2 -K 



and at x - 1 m, dT/dt = -0.987 K/s. 

At the trailing edge, Re x - 2.62 x 10 7 > Re x c . Hence 

h x =(k/x)0.0296RefPr 1/3 = °-° 549W/m - K 



and at x = 1 00 m. 



100 m 
dT/dt = -1.47 K/s 



^-^(0.0296) (z,62 x 10 7 ) 5 (0.702)' ' 3 = 12. 4 W/m 2 ■ K 

ii \ / 



The minimum cooling rate occurs just before transition: hence, for Re x c — 5x 10' 

. tt s f _,v 5xl0 5 x76.4xl0 _6 m 2 /s , M 

x~ = 5 x 1 0 v-'/V ) 1 .9 1 m 

' v ' 20m/s 

COMMEN TS: The cooling rates are very low and would remain low even if radiation were 
considered. For this reason, hot strip metals are quenched by water and not by air. 
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PROBLEM 7.28 

KNOWN": Thin metallic strip with thermocouple at trailing edge is used as an anemometer. 
Laminar flow. 

PINT): (a) Calibration equations for constant surface temperature and constant heat flux 
conditions, (b) Percentage error in using the wrong calibration, (c) Location of thermocouple for 
ivhich calibration is insensitive to thermal boundary condition. 




ASSUMPTIONS: (1) Steady-state conditions,. (2) Boundary layer assumptions hold [3) Laminar 
flow, (4) Constant properties. 

ANALYSIS: 

(a) For constant surface temperature 
Nu L =0.664 Rep Pr 173 

Therefore 

hL =0.(564 Rep Vi m WL 

and P' = 2h L L(T i - TJ = 2 (0.664) (^) ] '' 2 Pr 1/3 (T S - T. x ) 

Solving for Uo, the calibration for constant T 5 is: 

= (P'/[2 (0.664) Pr 1/3 k(T 3 -Tj]f(^) (1)< 

For constant heat flux, we consider the local heat transfer coefficient at the end of the strip. 
Xul = 0.453 Rep Pr 1 '' 3 
hL =0.453 Rep Pr 1/3 b'L 

Accountmg for heat loss from both surfaces. 
P' = 2q E T. 

The uniform heat flux can be related to the conditions at x = L: 
Thus 

P' = 2h L LCT^ L -Tj = 2 (0.453) (^) m Pr L3 k (T, L - TJ 

v 

Continued. . . 
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PROBLEM 7.28 (t out.) 

Solving for u„, the calibration for constant q* is: 

u K = j P'/[2 (0.453) ?t h M\i_ - W]f P)< 



(b) Since tlie true situation is uniform heat flux, the true velocity' is found from Equation (2). 
However the predicted velocity is incorrectly calculated from Equation (1 ). Thus 

The velocity is uuderpredicted by more than half or 53%. 

(c) For constant surface heat flux, the local surface temperature is given by 

where the q subscript on indicates that it is for the constant heat flux case. This should be 
equal to the surface temperature for the constant T 5 case r namely 

T 0 T - T E = P72Lh L = P /o L ,., 

: 0.664 ReY 1 Pr , J bl 



Equating T\ iC and T^j and solving for x yields 
0 453x" m =0.664U m 

(x/L) = f^'f=0.47 
1,0.664,' 

Thus, if the thermocouple is placed approximately at the midpoint of the strip it will be 
insensitive to the type of thermal boundary condition experienced by the strip. 
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PROBLEM -.19 



KNOWN: Dimensions of aluminum heat sink. Temperature and velocity* of coolant (water) flow 
through the heat sink. Power dissipation of electronic package attached to the heat sink. 

FEND: Base temperature of heat sink. 

SCHEMATIC: 

i>H wi = 100 mm 



K 

t=10mm —a K M K— S = 18mm 

Aluminum 



Lp = 50 mm 



Lt>= 10 mm | 



/ T. 



"7 



a \A 



/ 



heat sink 



W2 = 100 mm 



\ 



800 W 



T b To, 
f^b R t.o 



ASSUMPTIONS : (1) Average convection coefficient association with flow over fin surfaces may be 
approximated as that for a flat plate in parallel flow, (2) All of the electric power is dissipated by the 

heat sink, (3) Transition Reynolds number of Re,; c = 5 x 10", (4) Constant properties. 

PROPERTIES: Given. Aluminum: kh, = ISO W/m-K. Water: k w = 0.62 W/m-K, v = 7.73 x 10"'' 
m 2 /s, Pr=5.2. 

ANALYSIS: From the thermal circuit, 
Tb-Too 



q = P elec 



R-b + K-t.o 



where R b = L b / t hs (w t x w 2 ) = 0.01 my 180 W /m ■ K(0.10 m) 2 = 5.56x10 3 K/W and, fromEqs. 
3.102 and 3.103, 



Rt D = hA t 



1-^(1-^) 



The fin and total surface area of tlie array are A f = 2w 2 (Lf + t/ 2) = 0.2 m (0.055 m)= 0.011 m" and 

A, = NA f + A b = NA f + (N-l)(S-t)w 2 = 6 ( 0.011 nT )- 5(0.008 m)0.1 m = (0.066+ 0.004) = 0.070 nT. 

—7 2 5 

With Re w = / v = 3 m / s x 0.10 m / 7.73 x 10 in ,•' s = 3.S8 x 10 J , laminar flow may be assumed 
over the entire surface. Hence 



h = 



■Y 

V w 2, 



1/2 1/3 
0.664 Re Pr = 



0.62 W/mK 
0.10 m 



0.664(3.88x10 



..i : 



) (5-2 



J = 4443 W .' m 2 ■ K 



A/2 



With in-(2h/k hs t) 1/2 -(2 x 4443W/m 2 K/180 W/m KxO.01 mj -70.3m l , 
(0.055 m) = 3.86 and tai;hmL c =0.9991, Eq. 3.89 yields 



mL c = .'0.3111 



m 



tanhinL c 0.9991 



3.36 



Continued . 
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PROBLEM 7.29 (Cant.) 



Hence. 





0.066 ru" 



< 



4443 W/m" ■ Kx 0.070m" 



1- 



-(1-0.259 



= 0.0107 Ki W 



0.070 m" 



and 




COMMENTS: (1) The boundary layer thickness at the trailing edge of the fin is 

1/2 

3 = 5w i / ( Re lv . f ) =0.80 imn « (s - r) . Hence, the assumption of parallel flow over a flat plate is 



reasonable. (2) If a finned heat sink is not employed and beat transfer is simply by convection from 
the wi > base surface, the corresponding convection resistance would be 0.0225 K/W, which is 
only twice the resistance associated with the fin array. The small enhancement by the array is 
attributable to the large value of h and the correspondingly small value of r$ . Were a fluid such as 
air or a dielectric liquid used as the coolant, the much smaller thermal conductivity would yield a 
smaller h , a larger rjf and hence a larger effectiveness for the array. 
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PROBLEM -.30 



KNOWN": Dimensions of aluminum heat sink. Temperature of air flow through the heat sink. Base 
temperature of heat sink. Power dissipation of electronic package attached to the heat sink. 

FESD: Required air velocity. 

SCHEMATIC: 

K H— wi = 100 mm 



t = 10 mm — > K a He— S=18mm 



L f = 50 m m 



L b = 10 mm 



Ik 



A \A 



A Id 



m 

heat sink 



100 mm 



T b "U 

•-AA/V L *-AA/V V -* _ 



-> q 



R 



t 0 



T b = 70 °C 
T^ = 20°C 



\ 



q - P E | et " 70 W 



ASSUMPTIONS : (1) Average convection coefficient association with flow over fin surfaces may be 
approximated as that for a fiat plate in parallel flow, (2) All of the electric power is dissipated by the 

heat sink. (3) Transition Reynolds number of Re x c = 5 x 10", (4) Constant properties. 

PROPERTIES: Given. Aluminum; kfc = 180 W/m-K. Air: k a = 0.027 W/m-K, v= 16.4 x 10" 6 
m 2 /s, and Pr = 0.706. 

ANALYSIS: From the thermal circuit, 
Tb - Too 



q = P elec = 



R b + R r .o 



where R b = L b / k hs ( w t * w 2 ) = 0.01 m / 1 80 W ■■' m ■ K (0.1 0 m)" = 5.56 x 1 0 K / W . Thus, we require 

R t o = (T b -T OD )/q-R b = (70°-20°C)/70 W - 5.56x 10 -3 K/W = 0.709 K/W 
From Eqs. 3.102 and 3.103. 

-fi -1 

NAf 



I, 



i- 



-a-^f) 



= 0.709 K/W 



where the fin area is Af = 2 w 2 (Lf + t / 2) = 0.2 m (0.055 m) = 0.011 m = NAf =0.066 m" , and 

A t = NA f +A h = NA f -(N-l)(S-r)wn = 0.063 m" -5(0.008 in) 0. 1 m = 0.070 ni" . The fin 
efficiency is given by Eq. 3.89: 

tauh niL- 



(2; 



where m = (2 h ! k^t) 1 ' ~ and L- = Lf - 1/2 = 0.055 m. Since only h is unknown in the expression for 
?7f , Eqs. (1) and (2) can be solved for the two unknowns, h and fjf . The iterations can be initiated 
by assuming f]f — 1 in Eq. (1). which results in h=20.2 W/m -K. Thenm = 4.73 and Eq. (2) yields 
?7f =0.978. Continuing the iterations until converged, we find 11=20.6 W/nr-K. 



Continued. 
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PROBLEM 7.30 (Ctmt.) 



Now we can proceed to find the velocity that would yield this heat transfer coefficient. Assuming 
laminar flow. 



i " y '■■ 
Nu..- = 0.664 Re Pr 
w 2 w 2 



Re =fepr" 



1 J 



/ 0.664 



2 ^ \2 
20.6 W.'m -KxO.l m -1/3. 

0.706 1 0.664 

0.027 W/m K 



= IS. 6i0 



The assumption of laminar flow is correct. Then, 



"a- = Re w 3 " ■■' w 2 = 1 6, 650 x 16.4 x 1 0 S in 2 ■ ^ ■ 0.10 m = 2.73 m's 



COMMENTS: (1) The hydrodynamic boundary layer thickness at the trailing edge of the fin is 

t \1 / 2 

5 = 5w i / 1 Re w ^ ) =3.9 min , and the thermal boundary layer thickness is <5(Pr)" J = 4.4 mm Since 

this is greater than the half-spacing between fins, the assumption of boundary Layer flow throughout 
the entire heat sink is not accurate, and the actual heat transfer would be somewhat less. {2) If a finned 
heat sink is not employed and heat transfer is simply by convection from the * Wi base surface, 
the corresponding convection resistance would be 4.S5 K/W. which is almost seven times the 
resistance associated with the fin array. The large heat transfer enhancement of the array is 
attributable to the rather small value of h and the correspondingly large value of ?jf , which means 

that the large area of the fin array remains close to the base temperature. As a result, the heat transfer 
enhancement is nearly proportional to the increase in area of a factor of seven. 
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PROBLEM 7.31 



KNOWN: Dimensions of a photovoltaic cell, material and dimensions of a finned heat sink, solar 
irradiation and dimensions of concentrating lens, velocity and temperature of dielectric liquid. 

TEND: (a) Electric power produced and silicon temperature for a square concentrating lens with 
the heat sink in place, (b) Electric power and silicon temperature without the heat sink, (c) 
Electric power and silicon temperature for 1 00 mm ^ Li^ < 3000 mm. 



SCHEMATIC: 

<3 C 




Dielectric fluid 
T_ = 25'C 
U_ = 3 mis 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties. (3) One-dimensional heat 
transfer, (4) Average convection coefficient associated with flaw over fin surfaces maybe 
approximated as that for a flat plate in parallel flow, (5) Transition Reynolds number of Re Ki: = 5 
x 10 3 , (6) Negligible convection off of the top of the solar cell, (7), No radiation to or through the 
dielectric liquid. 



PROPERTIES: Given: Aluminum: k- = 180 W/m-K, Dielectric liquid: ka = 0.064 W/m-K, v 
= 10" 6 nr/s, Pr = 25, Glass: kg = 1.4 W/m-K, Adhesive: , k = 145 W/m-K, Solder: k : = 50 W/m-K, 
Aluminum Nitride: k, 3 = 120 W/m-K. 

ANALYSIS: [a) Hie base resistance is 

R h = Lu/M w, * w,] = -= 5.56 x 10" 3 K'W 

b ^ ^ 1 2 180 Win KfG.lOm) 3 

and. from Equations 3 . 102 and 3. 1 03 

ir 1 



R to = jhA t |l-^(l- % , 



J 



The fm and total surface areas of the array are 

A f = 2w 2 (Lf + 1'2) = 0.20m x (0.055m) = 0 0110 m 2 and 
A t = NA f + A b = NA t - + (N - 1)(S - 1> 2 

= 6(0.0110 m 2 ) + 5(0.008 m)(0.100 m) = 0.0660 m 2 - 0.0040 m 3 = 0.071 nr 

Continued. 
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PROBLEM ".31 (Cant.) 



with Re w j = 11 -e w 2 ,,v = 3 m/s * 0.10 m/10~ s inVs = 3.00x10^, laminar flow maybe assumed 
over the entire surface. Hence 

h = 0.664 Re^Pr m 

= ( 0.064 W/m-K )a664 (3 Q0 , tffl^l = m Wm 2 . K 



0.10m 



with m^^^^^W^ 



W/m-K x 0.01m 



27.50 m 1 



mL, = 27.50 m (0.055 m) = 1.51 and tauh mL t = 0.907 Equation 3.S9 yields 

n f = ■ 



t a nhmL c _ 0.907 =a6Q0 



Hence. 



inL c 1.51 



681 W/m 2 Kx 0.070 m" 



1 - ° °* 6 ^(0.400) 
0.070 m 2 



-: 



= 33.70 x 10" 3 K.-W 



The conduction resistances are 



= V_A = 3 X 10 " 3 %A W/m-K * 0.1 rnx 0.1 mf 02143 ™ 



L, / _ o.l x 10" 3 



R w _ 7kA _ 



%45 W/m-K x 0.1 m x 0.1 m) = 6 897 * 10 " K ' W 
%50W/m.KxO.lmx 0 .lm)= 2O0 ^^ K;W 
R "-- = L ^.A = 2 X 10 " 3 %2a W/m-K * 0.1 m x 0.1 m}= L67 * 10 " 3 K ' W 



4c ,A 



0.1 x 10"' 



R = R ":=/ = 0.5 x 1Q 4 m 2 -KW/ = 5 0 x 10" j K/W 

*^ /A /(O.l m x 0.1 m) x 1U ^ w 

IWtep = e s o Oi + T^XTj 2 +T^) 

K-u^.top = V 0 - 9 x 5 - e7 x 1 °" E w/m2 ■ K 4 * dl + 29& K) x (Tf - (298 K) 2 ) (1) 



The thermal circuit is 



O.BaGjAO-ri) 



^ 'Si 



Continued. 
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PROBLEM 7.31 (Coot.) 



where G c = G(Lww]) : 

From the thermal circuit, 

0.83G (Iw^jVi * w,)(l - n) = q t0? - q b ot 
0.83 x 700 W/m 2 (4) 2 (0.1 m x 0.1 m)(l - n) = q^ - 

92.9(5 W(l-r|)=q to? -q bot (2) 

/(R t;a +R t: ^R u , itop ) 

= {T a - 298 K)/ 

/ V&97 x 10" 3 K7W - 0.2 143 K'W - R t rid ) 

= (T ri - 298K)/ 

/(0.2143K''\V+R t ^ :top ) 



(3) 



/(R^+R^+R^ + R^) 
= {T a 298 K)/ 

/f 33.70 * 10"' KAV+ 5.0 x 10" 3 KAY + 1.67 * 10~ 3 KAV+ 0.20 x W 3 K/W) 

= (T a - 29S K)/ 

/ (40.57 x 10" 3 K/W) 



(4) 



From the problem statement 

ti = 0.28 - 0.001 X" 1 ^ - 273)°C (5) 

Solving Equations [1) through (5) simultaneously yields 

T, L = 28.2°C, I] =0.252 < 

Fhe electric power is 

P = 0. S3 G(IWwi)Vi * w 2 )( ii) (6) 
P = 0.83 x 700 W,nr(4) 3 (0.1 w * 0.1 m}(0.252) = 23.4 W < 

(b) Substituting L^; = 1500 mm in Equations 2 and 6 yields 

T 1: =72.G°C,P=271 W < 

ivith the heat sink in place. For no heat sink we also substitute 

R-. c = 0 and R-. 0 = R, CCQ - = 1/ = 1/68 1 wW-K(0. lm) 2 = 146.8 x 1 0" 3 K/W 

into Equation 4 and solving Equations (1) through (5) simultaneously yields 

Continued... 
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PROBLEM 7.31 (Coot.) 



T, L = 200°Q P = 105 W < 

(c) The variation of the silicon temperature and electric power ™th the heat sink in place is 
shown in the accompanying graphs. 

Electric Power vs Concentrator Size 
SCO -i 1 




D 5CD 1DD.0 1500 2CO0 2500 

Concentrator Dinners inn ij~ rn > 



Silicon Temperature vs Concentrator Size 




Concentrator Dimension ( mm) 

Continued... 
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PROBLEM ".31 (Cunt.) 



COMMENTS: (1) In Problem 7.19, we see that, for air cooling and Ll^ = 400 mm, T fl 
= 126 °C, P = 14.3 W. Use of liquid cooling increases the electrical power output to 23.4 
W, or 64 percent. In Problem 7.19 we see the maximum power output to be about 1 5 W. 
With liquid cooling and the heat sink, maximum power output increases to about 420 W, 
or 2800%. (2) The electric power is highly sensitive to the size of the concentrator. 
Initially, the power output increases as the concentrated irradiation increases, but as the 
silicon temperature increases the efficiency drops, driving the power output down. (3) 
The boundary layer thickness at the trailing edge of the fin is 6 — 5wV Rej^ = 0.91 mm « 

(S - t). Also, since Pt > 1 . 5 t < 5. Hence, the assumption of parallel flow over a flat plate 
is reasonable. (4) Solar irradiation values can be nearly 1 100 W/m" in clear 
environments. How do you think the maximum electric power will change when the solar 
irradiation is increased? You may want to re -work the solution to the problem to find the 
surprising result 
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PROBLEM 7.32 



KNOWN: Operating power of electrical components attached to one side of copperplate. Contact 
resistance. Velocity and temperature of water flow on opposite side. 

FIND: (a) Plate temperature, (b) Component temperature. 



SCHEMATIC 



Uao =2 m/s 



N-100 Components 
9 C =Z$W ^-Copper p/a+eJs 



im — sm — m — m 





/////////////////////, 

N L--O.Zm 



777777777777777?/ 
"A 



ASSUMPTIONS: ( I ) Steady-state conditions, (2) Constant properties, (3 ) Negligible heat loss from 
sides and bottom, (4) Turbulent flow throughout. 

PROPERTIES: Water (given): v = 0.% x |0" m /s, k = 0.620 W/m-K. Pr = 5.2. 
ANALYSIS: (a) from the convection rate equation, 
T s =T OT +q/hA 

2 2, 

where q = Nq c = 2500 W and A = L = 0.04 m . The convection coefficient is given by the turbulent 
flow correlation 

,4/5-1/3 , 



h = Nu L (k/L) = 0.()37ReJ' :, Pr" J (k/L) 



where 



Re L = (u 00 L/^) = (2 m/s x 0.2m) / 0.96 x 1 0 =6 m 2 / s = 4. 1 7 x 10 3 
and hence 

h = 0.037 (4. 17 x 10 5 ) 4 ' " (5.2)' ' 3 (0.62 W/m ■ K/0.2 m) = 6228 W/m 2 ■ K. 

The plate temperature is then 

T s = 17°C + 2500 W/^6228 W/m 2 ■ k)(0.20 m) 2 = 27°C. < 

(b) [-"or an individual component, a rate equation involving the component's contact resistance can be 
used lo find its IcmperaUirc, 

qc=(T c -T s )/R t , c =(T c -T s )/(RJ )C /A c ) 

T c =T s +q c Rf tC /A c = 27°C + 25 w|2xl0" 4 m 2 -K/wj/10 4 m 2 

T c = 77° C. < 

COMMENT S: With Rcl = 4. 17 x 10^, the boundary layer would be laminar over the entire plate 
without Ihe boundary layer trip, causing T s and T c to be appreciably larger. 
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PROBLEM 7.33 

KNOWN: Air at 27°C with velocity of 10 m/s flow tnrbulently over a series of electronic devices, each 
having dimensions of 4 mm x 4 mm and dissipating 40 mW. 

FIND: (a) Surface temperature T s of die fourth device located 15 mm from the leading edge, (b) 
Compute and plot the surface temperatures of the first four devices for the range 5 i u x < 15 m's. and 
(c) Minimum free stream velocity n ; if the surface temperature of the hottest device is not to exceed 
80°C. 



SCHEMATIC: 



-Device. 4 mm x 4 mm 



u„=10m/s I j \ circuit board 

L = 15 mm 

ASSUMPTIONS: (1) Turbulent flow. (2) Heat from devices leaving through top surface by convection 
only, (3) Device surface is isothermal, and (4) The average coefficient for the devices is equal to the local 
value at the mid position, i.e. I14 = h x (L). 

PROPERTIES: Table A.4, Air (assume T s = 330 K T = (T s +1^ )jl =315 K, 1 atm): k = 0.0274 
W/m-K v = 17.40 x 1(T* nrVs, a = 2.4.7 x 10"* mVs, Pr = 0.705. 
ANALYSIS: (a) From Newton's law of cooling, 

T s = T «; +q C oiiv/h4 A s 0) 
where b4 is the average heat transfer coefficient over the 4th device. Since flow is turbulent, it is 
reasonable and convenient to assume that 

h 4 = h x (L = 1 5 mm) . (2) 

To estimate hi, use the turbulent correlation evaluating thermophysical properties at Lf = 315 K (assume 
T s = 330 K), 



Nu x = 0.0296 Rex'' ^Pr 1 ' 3 



where 



giving 



R ex= ^ = 1Qm / 5x0 - 01? ; m =86 2i 



17.4x10 6 m 2 /s 



A 



Nu x = -^=0 0296(8621) 4/5 (0.705) 1/3 = 37 1 

r . Nu x k 37.1x0.0274 W/m-K „___/ 2 „ 
h , = h y = >L_ = I = 6 ,■ 8 \\7 in" ■ ^ 

L 0.015m ' 



Hence, with A, =4 mm k 4 mm. the surface temperature is 

40xl0~" 

iw/m 2 -Kx| 



T S =300K + 40<10 " 3W T = 337K = 64"C. 

67.8w/m 2 -Kx(4xl0 _3 m) 



Continued.. 
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PROBLLM 7.33 (t out.) 



(b) The surface temperature for each of the four devices (i = 1, 2, 3 4) follows fromEq. (1), 

T^i = Tq; — iconv/^i ^-s P) 

For devices 2, 3 and 4, hj is evaluated as the local coefficient at the tnid-positions, Eq. (2), xi — 6.5 mm, 

xj = 10.75 mm and X: = 1 5 mm. For device 1 , is the average value 0 to X] , where evaluated X| — Li = 
4.25 mm. Using Eq. (3) in the IHT Workspace along with the Correlations Tool. External Flow, Local 
Coefficient for Laminar or Turbulent Flow , the surface temperatures T v are determined as a function of 
the free stream velocity. 



■o: 




device 1 

— •— I^vlJS ; 

— *— ;evicti 



(c) Using the Explore option on the P/of IT'wcj'oii' associated with the IHT code of part (b), the minimum 
free stream velocity of 

Ujjo = 6.6 m-'s 

will maintain device 4 7 the hottest of tlie devices, at a temperature T— = EO^C. 

COMMENTS: ( 1) Note that the thennophysical properties were evaluated at a reasonable assumed film 
temperature in part (a). 

(2) From the T SiL vs. u l plots , note that, as expected, the surface temperatures of the devices increase with 
distance from the leading edge. 
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PROBLEM 7.34 

KNOWN: Convection correlation for irregular surface due to electronic elements mounted on a 
circuit board experiencing forced air cooling with prescribed temperature and velocity 

FIND: Surface temperature when heat dissipation rate is 30 mW for chip of prescribed area localcd a 
specific distance from the leading edge, 

SCHEMATIC: 

u^lOm/ S ' " It I *\ Board 

*i 1 *z 
i — x=2ZOmm 'V >\ 

ASSUMPTIONS: { 1 ) Situation approximates parallel flow over a flat plate with prescribed 
correlation, (2) Heat rate is from top surface of chip. 

PROPERTIES: Table A-4, Air (assume T s * 45°C. then T =(45 + 25)°C/2 -310 K, 1 atm): k = 

-6 2 

0.027 W/m-K, v = 16.90 x 10 m /s, Pr = 0.706. 
ANALYSIS: For the chip upper surface, the heat rate is 

Ichip = hchjpAj; (T s ) ot " T s = T oo + tlchip I h cn j p A s 
Assuming the average convection coefficient over the chip length to be equal to the local value at the 
center ofthe chip (x = x D ), li c hjp ~ h x ( x o h where 



Nu x = 0.04Re x - 85 Pr 0 ' 33 



Nu x = 0.04(l0 m/sx 0.120 m/ 1 6.90 x 1 0" 6 m 2 /s) ' (0.706) 033 =473.4 

Nu^k = 473.4xQ.Q27 W/m-K = ( f)? w/m2 R 
x tl 0.120 m 

2 

T s = 25° C + 30 x 10~ 3 W/107 W/m 2 • Kx^4x 10~ 3 m) = (25 + 17.5)° C = 42.5°C. < 

COMMENTS: ( 1 ) Note that the assumed value of T used to evaluate the thermophysical properties 
was reasonable. (2) We could have evaluated h c hip DV two other approaches. In one case the 

average coefficient is approximated as the arithmetic mean of local values at the leading and trailing 
edges ofthe chip, 

hchip - [hx2 (x 2 )+ h x] (x|)]/2 = 107 W/m 2 ■ K. 
The exact approach is ofthe form 

hchip ' ( = K2-*2-Kv*\. 

. . -0.15 . „ 

Rccojini/inii that Ik. ~ x . it follows that 



Hence, 



h x = -f h x -dx = l.l76h x 

x 0 

— 2 

and h cn ip = 1 08 W / m - K. Why do results for the two approximate methods and the exact method 
compare so favorably? 
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PROBLEM 7.35 

KNOWN": Air at atmospheric pressure and a temperature of 25°C in parallel floiv at a velocity of 5 
m s over a 1-m long flat plate with a uniform heat flux of 1250 . 

FEND: (a) Plate surface temperature. T S (L), and local convection coefficient, h x (L), at the trailing 
edge, s = L. (b) Average temperature of the plate surface, T ir (c) Plot the variation of the plate surface 

temperature, T s (x), and the convection coefficient, n x (x). with distance on the same graph; explain key 
features of these distributions. 

schematic: 

CS> _ T, (x), T 5 : q, = 1 250 W/m 2 

T W = 25°C ZZt / ^T S (L) 
Ua, = 5 m/s 



I > x L =1 n 



I 



ASSUMPTIONS: (1) Steady- state conditions, (2) Flow is hilly turbulent, and (3) Constant 
properties. 

PROPERTIES: Table A-4. Air (assume T f = 325 K 1 atm): v = 18.76 x 10" 6 m 2 /s; k = 0.0284 
W/'m-K, Pr= 0.703. 

ANALYSIS: (a) At the trailing edge, x = L. the convection rate equation is 

q ;=q^=h x (L)[T,(L}-T :K ] (1) 
where the local convection coefficient, assuming turbulent flow, follows from Eq. 7.46. 

Nu x = ^ = 0.0308 Re^Pr 17 3 (2) 
k 

W«lix=L = lm,fmd 

Re x = UooL / v = 5 m/ sxlm / 18.76 x 1 (T 6 m 2 / s = 2.67 x 10 5 

h x (L) = (0.0284 W / m K / 1 m) x 0.0308 ( 2.67 < 10* ) 4 ' ^ (0.703) 1 '' 3 = 1 7. 1 W / m 2 - K 
Substituting numerical values into Eq. (1). 

T & (L) = 25°C 4- 1250 W / m 2 /17. 1 W / in 2 ■ K = 98.3 3 C < 

(b) The average surface temperature X ; follows from the expression 

1 ' 1- ff L, 

T s -T x =-J (T s -T oc )dx = ^-f — ^dx (3) 
s L 0 v s 00 ; L -0 kNiijj 

where Nu* is given by Eq. (2). Using the Integral function in IffTas described in Comment (3) find 
T S =86.1°C. < 

(c) The variation of the plate surface temperature T t (x) and convection coefficient , h x (x), shown in the 
graph are calculated using Eqs. (1) and (2). 

Continued 
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PROBLEM 7.35 (Coiit.) 




0 -| — I — I — I — I — I — I 1 

0 0.2 0.4 0.6 0.8 



Dis:ance from leading edge, x (m) 

h_x, W'm A 2-K 

-•- Ts_x, C 



COMMENTS: (1) The properties for the correlation should be evaluated at Tf = (T s +T x )/' 2. 

From the foregoing analyses, Tf = (26.1 - 2S)°/2 = 55.5°C = 329 K. Hence, the assumed value of 325 
K was reasonable. 

(2) The IHT code, excluding the input variables and aii property functions, used to evaluate the 
integral of Eq. (3) and generate the graphs in part (c) is shown below. 

V* Programming note: when using the INTEGRAL function, the value of the independent variable 
must not be specified as an input vaiable. If done so. this error message will appear. 
"Redefinition of a constant variable." */ 

"Turbulent flow correlation, Eq, 7.45, loeal values 

m„_x = o.c-?:?' Re_> • =-'-o. ?■?■:■ 

Nu_x = h_x* jt/k 
Re_x = uinf 'xfnu 

Plate temperatures 

- Local 

Ts_x = Tinf + q"s / h_x 
// Average 

Ts_avg - Tirt= = q"s / L * INTEGRAL [y,x} 
delT_avg = Ts_avg - Tinf 
y = x / (k * Nu_x) 
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PROBLEM 7,36 

KNOWN: Conditions for airflow over isothermal plate with optional unheated starting length. 

F1XD: fa) local coefficient, h ;i , at leading and trailing edges with and without an unheated starting 
length, % = I m. 

SCHEMATIC: 

u= 2 m/s 



T„= 300 K 



T s = 350 K 



1 m 2 m 



J 



5 = 1 m 



- Unheated — 
starting length 



Heated length, 1 = 0 



PROPERTIES: Table A.4, Air (T f = 325 K, 1 atm): v = 18.4 x 10^ mVs, Pr = 0.703, k = 0.02B2 
W/m-K. 

ANALYSIS : (a) The Reynolds number at t = 1 m is 



2m/ 5 xlm =] _ Q87xl0 5 



'■' 18.4x10"^ m 2 /s 



If Re^.c =5 x 10'.. flow is laminar over the entire plate (with or without the starting length). In general. 



Nu, 



Q.332Re*/ 2 Pr 1/3 

= [i-(f/*) 3 ' 4 f 

(o.332kPr 1/3 ']Re: 
fMl x3/4l 1/3 

-(£/*) j 



: 2 



= 0.00832 W/in-K- 



Re: 



1/2 



3/4 



1 3 



With Unheated Starting Length : Leading edge (x= 1 m): Res = Res, t/x = 1, 1\ = x 



(1) 



Trailing Edge (x = 2 m): 



Re x =2 Re.- = 2.17x10^ 



1- 2 



M= 0.5 



(2.17xl0 5 ) 

h x = 0.00832 W/m ■ K — -_ ' .. = 2 .61 W/ in 2 - K 



Without Unheated Starting Length: Leading edge (x = 0): 



h, = r- 



Traihng edge (x = 1 m): Re, = 1 .087 x 10 



h x =0.00832 W/m-K 



1.087xl0 5 ] 
h 



1/2 



.74\v/m 2 -K 



(b) The average convection coefficient Iil for the two cases in the schematic are, from Eq. 6.14, 

Continued... 
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PROBLEM ".36 (Ccut.) 



1 L 



(2) 



where L is the s location at the end of the heated section. Substituting Eq. (1) into Eq. (2) and 
numerically integrating, the results are tabulated below: 



- (m) 

0 
1 



ha (L){\Y.W-K) 



2.74 
2.61 



5.41 

4.22 



(c) The variation of the local convection coefficient over the plate, with and without the unhealed starting 
length, using Eq. (1) is shown below. The abscissa is x - 




- 'Sillhcut alamo Icnatti 
' _ "naalao Liar r 3 engli* 2 



COMMENTS: (1) When the velocity and thermal boundary layers grow sumiltaneously (without 
starting length), we expect the local and average coefficients to be larger than when the velocity boundary 
layer is thicker (with starting length). 

(2) When t = 0, h L = 2h,, when £, = 1, h L < 2h L . From Eq. (7.44), h L = 4.25 W/ m 2 ■ K. 

(3) The numerical integration of Eq. (2) was performed using the INTEGRAL (fx) operation in IHT as 
shown in the Workspace below. 



//Average Coefficient: 

hbarL= 1 /(L-zeta )' INTEGRAL (ruyc) 

.'" Local Coefficient With Untieated Starting Length: 

Ik = ( k / x) * 0.332 * Rex"D.5 * Pr*0.3333 1 \ 1 - (zeta / «*(3/4) )"(1/3) 
Ftex = uinf 1 x / nu 



// Properties Tool - Air: 
// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 
nu = nu_T("Air",Tf) 
k = kJf'Aif'.Tf) 
Pr = Pr_T("Air",Tf) 
Tf = 325 



// Kinematic viscosity, nV2/s 
!! Thern-a conductivity, Wfm-K 
H Prandtl number 
// Film temperature, K 



//Assigned Variables: 
uinf = 2 
x = 1 
L = 2 
zeta = 1 



// Airstream ■^eiocity, nVs 

// Distance from leading edge, m 

// Full length of pi ate, m 

// Starting lengtfi, m 

// Difference 
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PROBLEM 7.37 

KNOWN: Cover plate dimensions and temperature for flat plate solar collector. Air flow conditions, 

FIND: (a) Heat loss with simultaneous velocity and thermal houndary layer development, (b) Heat 
loss with unheated starting length. 



SCHEMATIC: 




4-K i--Jm 



ASSUMPTIONS: ( 1 } Steady-state conditions, (2) Negligible radiation. (3) Houndary layer is not 
disturbed by roof-plate interface, (4) Rc x c - 5x 10", 

PROPERTIES: Table A-4, Air <T f = 285.5K, I aim): v= 14,6 x It)" 6 m. 2 /s, k = 0.025 1 W/m-K. ?v 
0.71. 

ANALYSIS: {a) The Reynolds number for the plate of L = Im is 



Re, 



2 m/s x 1m 
14.6 x!0~ 6 m 2 /s 



1.37x10"' < Re 



For laminar flow 



Nu L -0.664 Re' L /2 Pr 1/3 



k — A ,_ _ . 0.0251 W/m-K 
L 



0.664 1 1 ,37 x 1 0 5 J (0,7 1) 1 1 3 = 2 1 9.2 
219.2|2m 2 )5°C = 55 W. 



lm 

(b) The Reynolds number for the roof and collector of length L 3m is 

o 2 m/sx3m ... 1(1 5 

Re L = — - — = 4. 1 1 x 1 0 < Re x c . 

I4.6xl0~ 6 m 2 /s 

Hence, laminar boundary layer conditions exist throughout and the heat rate is 
I f \l/2 ■ -1/5 

q = f q ' dA = (T s - T 0O )0.332 Pr 1/3 kW f 



dx 



3/4 



0.332 



2 m/s 



J/2 



U4.6X10" 6 m 2 Is) 



w-j W , L 

( 0.7 I V " J 0.0251 2m J 

m ■ K 



I 3 



-1/2 



dx 



l- (4*0 



3 4 



nl 3 



Using a numerical technique lo evaluate the integral. 



l-(2.0/x) 



3/4 



1 3 



= 27.50x1.417 = 39 W 



COMMENTS: Values of li with and without the unheated starting length are 3.9 and 5.5 W/m K. 
Prior development of the velocity boundary layer decreases h. 
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PROBLEM 7.38 

KNOWN: Surface dimensions for an array of 10 silicon chips. Maximum allowable chip 
temperature. Air flow conditions. 

FIND: Maximum allowable chip electrical power (a) without and (b) with a turbulence promoter at 
the leading edge. 

SCHEMATIC: 

U 0O ^40w/s g 1 |< ^W mm J j;10 th Chip 

r ' L-v x Llo.lm 

ASSUMP TIONS: (l ) Steady-state conditions, (2) Film temperature of 52°C, (3) Negligible radiation, 
(4) Negligible heal loss through insulation, (5) Uniform heat llux at chip interface with air, (6) 

Re xc =5xl0 5 . 

PROPERTIES: Table .4-4, Air (Tr 325K, I atm): v = I8.4 x I0~ & m /$, k = 0.0282 W/m-K, Pr 
0.703. 

A N A LYSIS : Re L = u K U v = 40 m/s x 0. 1 m/' 1 8 .4 x 1 0" 6 m 2 / s = 2 . 1 74 x 1 0 5 . Hence, flow is 
laminar overall chips without the promoter, 

(a) For laminar flow, the minimum h x exists on the last chip. Approximating the average coefficient 
for Chip 10 as the local coefficient at x = 95 mm. h\Q - h x= Q .()9o nv 

h ]( > = 0.453 -Re!fPr l/3 
x 

u„x 40 m/sx 0.095 m 5 
Re x =— — = — = 2.065 xl0 D 

l ' 18.4x10 ivT/s 

h, n - 0.453 °- 0282 W/m - K (2.065 x I0 5 V ? (0.<W 3 - 54.3W/m 2 ■ K 
0.095 \ I 

— W -> 

11 0 = "(OA (T s - T x ) = 54.3— (0.01 m f ( 80 - 24)° C = 0.30 W. 

m - - K 

Hence, if all chips are to dissipate the same power and T s is not to exceed 80°C. 

qmax =0.30 W. < 

(b) For turbulent flow. 
k 0 .4/5o.l/3 _ mao O.0282W/m ■ K ( - ^ 4/5 

0.095 m 

qiO = h 10 A(T s - Too )= 145 — ^ — {0.01 m) 2 (80- 24)° C = 0.81 W. 

m ■ K 



h 10 = 0.0308- Re* "V' 3 = 0.0308 00282W/m ' K ( 2 .065 x I0 5 f " (0.703) ,/3 = 145 W/m 2 K 
x ' 0.095 m V / 



Hence, q m;lx =0.81 W. 

COMMENTS: It is far better to orient array normal to the air flow. Since h] > h|g, more heat 
could be dissipated per chip, and the same heat could be dissipated from each chip. 
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PROBLEM 7.39 

KNOWN: Dimensions and maximum allowable temperature of a silicon chip. Air flow conditions. 

FIND: Maximum allowable power with or without unhealed starting length. 

SCHEMATIC: 

T "- Z4C % \ y 

'//////// ///////////// 

I*' "20mm ^~10mm^\ 

ASSUMPTIONS: { I ) Steady-state conditions, (2) Tf = 52°C, (3) Negligible radiation, (4) Negligible 
heat loss through insulation, (5) Uniform heat flux at chip-air interface, (6) Re xc = 5x10 . 

PROPERTIES: Table A-4, Air (Tf = 325K, 1 atm): V- 18.41 x 10" m /s, k - 0.0282 W/m-K, Pr - 
0.703. 

ANALYSIS: For uniform heat flux, maximum T s corresponds to minimum h x . Without un heated 
starting length, 

u^X 20m/sx0.0lm _, . , 

Re L =-£— = — =10.864. 

v 18.41xl0" 6 m 2 /s 
With the unheated starting length, L 0.03 m, Re|^ 32,591. Hence, the flow is laminar in both cases 
and the minimum h x occurs at the trailing edge ( x = L). 

Without unheated starting length, 

k I/? in 0.0282 W/m-K , ,1/2, vl/3 

h L =— 0.453Rcl Pr = 0.453(10,864) (0.703)' ' 

1 . 0.0 1 m 

h L = 1 18 W/m 2 K 

q'(L) = h L (T s -Tco) = 1 18 W/m 2 K(80- 24)° C = 6630 W/m 2 

q max = A s q " = ( 1 0 2 m ) " 663 0 W/m 2 = 0. 66 W. < 

With the unheated starting length, 

k Rcj /2 Pr ,/3 0.0282 W/m-K (32,95l) 1/2 (0.703) l/3 



hi =—0.453 ^ — = 0.453- 

l r / , o/4i ,/3 °- 03m r / , ,3/4i l/3 

l-(c/Lf /4 l-(0.02/0.03f ' 4 

h L = 107 W/m 2 -K 

q'(L) = h L (T s -X») = 107 W/m 2 K (80-24)° C = 6013 W/m 2 

qmax = A s q" = I0~ 4 m 2 x 6013 W/m 2 = 0.60 W. < 

COMMENTS: Prior velocity boundary layer development on the unheated starting section decreases 
h x , although the effect diminishes with increasing x. 
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PROBLEM 7.40 



KNOWN: Experimental apparatus providing nearly uniform airstream over a flat test plate. 
Temperature history of the pre-heated plate for airstream velocities of 3 and 9 m/s were fitted to a fourth- 
order polynomial. 

FIND: (a) Convection coefficient for the two cases assuming the plate behaves as a spacewise isothermal 

object and (b) Coefficients C and m for a correlation of the form Nul = C Re m Pr* : ^ ; compare result with 
a standard-plate correlation and comment on the goodness of the comparison: explain any differences. 

SCHEMATIC: 



' Air, 
T w = 20 °C 
4„= 3 or 9rn/s 



L = 133 mm 



Test plate 
A*=LxL 



dCC/s 3 ) 



56.87 
-0.1472 

3 x 10" 4 

4 x 10 7 
2 x 10" 16 



:ec 

57.00 
-0.2641 
9 x 10" 4 

-2 x 

lxlO" 8 



ASSUMPTIONS: (L) Airstream over the test plate approximates parallel flow over a flat plate : (2) Plate 
is spacewise isothermal. (3) Negligible radiation exchange between plate and surroundings, (4) Constant 
properties,, and (5) Negligible heat loss from the bottom surface or edges of the test plate. 

PROPERTIES: Table A.4, Air (T f = ( T s + TJ/2 =s 3 1 0 K. latm): k. = 0.0269 W/m-K v = 1669 x 10"= 
nr/s, Pr = 0.705. Test plate (Given): p = 2770 kg/nr. c P = S75 J/kg-K, k = 177 W/m-K. 

ANALYSIS: (a) Using the lumped-capacitance method, the energy balance on the plate is 

-h L A s [T s (t)-T 00 ] = pVc p ^ 

dt 

and the average convection coefficient can be determined from the temperature history. T=.(t), 
/>Vc p (dT/dt) 

hL - 



where the temperature-time derivative is 



(1) 



(2) 



— ^ = b+2ct + 3dt-+4et j 
dt 

The temperature tune histor} r plotted below shows the experimental behavior of the observed data. 



(?) 




-lale -jt- -jEji- j-e t :c: 



Continued.. 
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PROBLEM 7.40 (Com.) 

Consider now the integrated form of the energy balance. Eq. (5.6), expressed a? 
T s (t)-T Q0 _ (h L A a \ 



ln- 



(4) 



If we were to plot the LHS vs t, the slope of the curve would be proportional to h^ . Using IHT. plots 

were generated of hr^ vs. T=, Eq. (1). and ln[(T s (tJ-Ta, )/(Tj — T x )] vs. t, Eq. (4). From the latter 

plot, recognize that the regions where the slope is constant corresponds to early times (< 100s when u x 
= 3 m:'s and < 50 s when u. x = 5 m/s). 




s 
I 



ISC 150 209 
Elapsec Bme. tisj 




™ 1S3 2H 
Elapsed Dine, I (s) 



■ ulrT - 3 mfe 

■ unff- 5 mfe 



Selecting two elapsed times at which to evaluate Iil > ^ following results were obtained 



u , x (m/s) 
3 
9 



t(s) 

100 
50 



T E (t),{°C) 

44.77 
45.E0 



h L (W/ur-K) 
30.81 
56.7 



where the dimensionless parameters are evaluated as 

Re L 



where ka, v are thermophysical properties of the airstream. 

(b) Using the above pairs of Xul and Rei, C and m in the correlation t 

Nul = CRe™Pr 1/3 

152.4 = C(2.39 x 10 + ) m (0.706) l/3 
280.4 = C{7.17 x 10 4 ) m (0.706) l/3 
Solving, find 

C= 0.633 m = 0.555 



152.4 
2S0.4 



Ret 

2.39 x 10 + 
7.17 x 10 4 



l be evaluated. 



(5,6) 



(7) 



(S r 9) < 



Continued.. 
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PROBLEM ".40 (font.) 



Tlie plot below compares the experimental correlation (C = 0.6.33. m = 0.555) with those for laminar flow 
(C = 0.664 7 m = 0.5) and fully turbulent flow (C = 0.037, m = 0.8). "The experimental correlation yields 

Nul values which are 25% higher than for the correlation. The most likely explanation for this 
unexpected trend is that the airs tream reaching the plate is not parallel, but with a slight impingement 
effect antt'or the flow is very 7 highly turbulent at the leading edge. 



1:0 




50 -| 1 1 1 1 1 

2ddoo 4&:aa worn saiaa 

Reynolds nunber. SeLbar 



— M — Ian 

—a— turh 

COMMENTS: (1) A more extensive analysis of the experimental observations would involve 
determining Nuj_ for the full range of elapsed time (rather than at two selected times) and using a fitting 
routine to determine values for C and m. 
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PROBLEM 7.41 



KNOWN: Cylinder diameter and surface temperature. Temperature and velocity of fluids in cro« flow. 

FIND: (a) Rate of heat transfer per unit length for die fluids: atmospheric air and sanitated water, and 
engine oil, for velocity V= 5 rat's, using the Churchill-Bernstein correlation, and (b) Compute and plot q' 

as a function of the fluid velocity 0.5 < V < 10 m/s. 
SCHEMATIC: 



Air, water, 
□roil 



l/=5m/s 




T s = 50 °C 



D = 0.01 m 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform cylinder surface temperature. 

PROPERTIES: Table AA. Air (T f = SOS K. 1 atm): v = 16.69 x 10" 6 mVs. k = 0.0269 W/m-K Pr = 
0.706; Table A. 6, Saturated Water (T f = 308 K): p = 994 kgm 3 , ,u = 725 x 1 0" e N-s/m 2 , k = 0.625 
W/m-K, Pr = 4.85: Table A.S, Engine Oil (T f = 308 K): v = 340 x 10" 6 arts, k = 0.145 W/m-K, Pr = 
4000. 

ANALYSIS : (a) For each fluid calculate the Reynolds number and use the Churchill-Bernstein 
correlation, Eq. 7.54, 

t4/5 



— hD n „ 0.62Rek-Pr 1/3 
Nu D = = 0.3 + 



l + (0.4/Pr) 

Fluid: Atmospheric Air 

YD (5 m/s) 0.01 m 
Re D = — 



2.13 



1/4 



1 + 



282.000 I 



2996 



Nun = 0.3 - 



16.69 xlO^mVs 
QM(2996f n (Q.706f n 



r ,„ii/4 

1 + (0.4/0.706) 



1 + 



2996 
282. 000 



5/S 



4/5 



= 28.1 



r- k — Q.0269W/m-K „ , .,„„,/ 2 „ 

h = — Nud = 28. 1 = 7_\i W/ nT ■ K 

D 0.01m 

q' = LtD (T 4 -T^ ) = 75.5 w/ m 2 ■ K ,t f 0.01m) (50 - 20}' C = 71. 1 W/m 
(5m/s) 0.01m 



< 



Fluid: Saturated Water 



v 725x10 S N-s/in 2 /994kg/m 3 



= 68,552 



Nud = 0.3 + 



0.62 (68, 552 J 1 ' 2 (4.85) 1 '' 3 



j^l + (0.4/4.85) 2/: 



1/4 



f 68,552 
+ l, 282, 000 



5/8 



- :• 



= 347 



Continued.. 
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PROBLEM -.41 (Cent.) 



- k — 0.625 W/m-K , , 

h = — Xud = ; 347 = 2 1,690 w/m' ■ K 

D 0.01m f 



q' = 20,438 W/m 



JTW: Engine Oil 

YD (5m/s)0.01m 



Re D 



Mud = 0.3- 



340x10 6 m 2 /s 



= 147 



0.62(l47) I, ' 2 (4O00) 1 '' 3 



r , ^mI 1 ' 4 
1 + (0.4/4000 r 



282. 000 



4 5 



= 120 



h = — Nuc = 
D 



0.145 W/m-K 



120 = 1740 W/m ■ K 



q' = 1639 W/m 



0.01m 

(b) Using the /ifT Correlations Tool, External Flcnr, Cylinder, along with the Properties Tool for each of 
the fluids, the he.it rates, q' , were calculated for the range 0.5 < V < 1 0 m/s. Note the q' scale 
multipliers for the sir and oil fluids which permit easy comparison of the three curves. 



£ 
F 

3 




COMMENTS: (1) Note the inapplicability of the Zukauskas relation, Eq. 7.53, since Pr oL i > 500. 

(2) In the plot above, recognize that the heat rate for the water is more than 1 0 times that with oil and 300 
times that with air. How do changes m the velocity affect the heat rates for each of the fluids? 
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PROBLEM 7.42 

KNOWN: Conditions associated with air in cross flow over a pipe. 
FIND: (a) Drag force per unit length of pipe, (b) Heat transfer per unit length of pipe, 
SCHEMATIC: 



'© DPT 



p - 1 aim 




T s =loo°C 



ASSUMPTIONS: ( I ) Steady-stale conditions, (2) Uniform cylinder surface temperature, (3) 
Negligible radiation effects. 

PROPERTIES: Table A-4, Air<T f = 335 K, 1 atm): v = 19.31 x 10" 6 m 2 /s, p = 1.048 kg/ml k = 
0.0288 W/m-K, Pr = 0.702. 

ANALYSIS: (a) From the definition of the drag coefficient with Af = DL, find 

,-2 



F D - C D A f 



fb = c D D 



pV 



With 



VD 15 m/s x f 0.025 m) a 
Re D = = x — — -^ = 1.942xl0 4 



19.31 x 10" 6 m 2 /s 
from Fig. 7.8, Cq s ] . I . [ knee 

1 D = 1.1(0.025 m) 1.048 kg/m 3 (15 m/s) 2 12 = 3.24 N/m. 

(b) Using Hi Iperf s relation, with C = 0.193 and m = 0.618 from Table 7.2, 



h =^C Re" Pr l/3 - 00288 W/m - K 
D D 0.025 m 



(. \0,618 
1.942 x 1 0 4 J (0.702) 1 ' 3 



h=88 W/m z -K. 
Hence, the heat rale per unit length is 

q' = h(jrD) (T s - T rj; ) = 88 W/m 2 -K(/rx 0.025 m) (100-25)° C = 520 W/ra. < 

-6 

COMMEN 1 S: Using the Zukauskas correlation and evaluating properties at J x ( v = 15.7 1 x 10 

m 2 /s, k = 0.0261 W/m-K, Pr = 0.707), but with Pr s = 0.695 at T s . 

v0.6 



h = °^i0.26 
0.025 



15x0.025 
U5.71X10* 6 ; 



(0.707) 0 ' 37 (0.707 / 0.695)" " =102 W/m z -K. 



1/4 



This result agrees with that obtained from Hilperf s relation to within the uncertainty normally 
associated with convection correlations. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 7,43 



KNOWN: Initial temperature, power dissipation, diameter, and properties of heating element. Velocity 
and temperature of air in cross flow. 

FIND: (a) Steady- state temperature, (b) Time to come within 10°C of steady-state temperature. 
SCHEMATIC: 

Heating element 

T,= 3D0 K 
k = 240 W/m.K 
p = 2700 kg/m 3 



c p = 900 J/kg-K 




, V=1( 



10 m/s 

= °- D1 m T„* 300 K 

ASSUMPTIONS: (1) Uniform heater temperature. (2) Negligible radiation. 

PROPERTIES: Table A.4, air (assume T f *450 K): v = 32.39 x 10"* m 2 /s, k = 0.0373 W/m-K Pr = 
0.686. 

ANALYSIS: (a) Performing an energy 7 balance for steady-state conditions, we obtain 
Iconv = & (JTD) (T - T K } = P^ ec = 1000 W/m 

With 

YD (10 m/0 0.01m 
" 32.39x10^ m z /s 
the Churchill and Bernstein correlation, Eq. 7.54, yields 



Nud = 0.3+- 



1/? 1/^ 
0.62 Re^ Pr 



l + (0.4/Pr) 



2/3 



1/4 



1- 



282. 000 



,5 8" 



- 5 



— 0.62(3087) (0.686V 



|^1 + (0.4/0.6S6) 2/j 



1/4 



1- 



3087 
282,000 



5/8 



4/5 



= 28.2 



- k— 0.0373 W/m- K__ _ ,^„„ r / 2 T r 

h = — Mid = 28.2 = 103.2 W/m -K 

D 0.010m ' 



Hence, the steady- state temperature is 
j = t + i«k£. = 300K + - 



1000 W/m 



■= 603K 



< 



ffDh ^ (0.01 m) 105.2 w/m" -K 

(b) With Bi =hi 0 /k= 105.2 W/m 2 K(0.005 m)/240 W/m-K = 0.0022, a hunped capacitance analysis 
may be performed. The time response of the heater is given by Eq. 5.25, which, for T[ = T I( , reduces to 

T = 1i D +(b/ a )[l- e xp(- a t)] 

Continued... 
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PROBLEM ".43 (Cent.) 

where a = 4 h/Dpc p = (4x 105.2 W/nr ■ K)/(0.01m >: 2700 kg/m 1 x 900 J/kg-K) = 0.0173 s" 1 andb/a = 
Pel ec /VDh = 1000 W/ni/V[ 0.01 rnx 105.2 w/m 2 -Kj =302.6 K. Hence, 

r , f593-300)K 

f l-eW-0.0173t)l = — = 0.96S 

' J 302.6 K 

t * 200s < 

CO^DEENTS: (1) For T = 603 K and a representative emissivity of s = 0.8, net radiation exchange 

between the beater and surroundings, at T, u[ = T l = 300 K would be q^j = SO (,tD) | T 4 - T^ m j = 0.8 

x 5.67 x 1Q" S W.W-K 4 (7i x 0.01 m)(603 + - 300^ =177 W/m. Hence, although small radiation 
exchange is not negligible. The effects of radiation are considered in Problem 7.46. 

(2) The assumed value of T- is very close to the actual value, rendering the selected air properties 
accurate. 
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PROBLEM 7,44 

KNOWN: Initial temperature, power dissipation diameter, and properties of a heating element. 
Velocity and temperature of air in cross flow. Temperature of surroundings. 

FIXD: (a) Steady-state temperature, [b) Time to come within 10 = C of steady-state temperature, (c) 
Variation of power dissipation required to maintain a fixed heater temperature of 275°C over a range of 
velocities. 

SCHEMATIC: 



T.b = 0.8 




Heating element 
T, = 300 K 
k = 240 W/m-K 
p = 2700 kg/m 3 
c n = 900 J/kg-K 

p D - 0.01 m 

ASSUMPTIONS: Uniform heater surface temperature. 

ANALYSIS: (a) Performing an energy balance for steady-state conditions, we obtain 
Icauv Irad = ^elec 



5<V< 10 m/s 
T= 300 K 



h(^D)(T-T a) )+ ot(s-D)(t 4 -T 4 ir ) = Pelec 



(Vx 0.01m) 



h (T - 300) K + 0.8) 5 .67 x 10 S w/m 2 ■ K 4 ] j T 4 - 300 4 j K 4 j = 1000 W/r 



Using the IHT Energy Balance Model for an Isothermal Solid Cylinder- with, the Correlations Tool Pad 
for a Cylinder in Crossflow and the Pr operties Tool Pad for Air, we obtain 

T = 562.4 K < 

where h = 105.4 w/ m 2 -K . h r =15.9 w/m 2 - K , q^ onv = 868.8 W/m , and q^ sd = 131.2 W/m . 

(b) WithBi = (h + h/jro/k = (121.3 W/m : K)0.0D5 m/240 W/m- K = 0.0025, the transient behavior may 

be analyzed using the lumped capacitance method. Using the IHT Lumped Capacitance Model to 
perform the numerical integration, the following temperature hi stones were obtained. 



•: 

r 




ICC IK 
~ime, t-;s) 



Wlh radiaticn, eps = 



Continued... 
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PROBLEM ".44 (Cone.) 



The agreement between predictions with and without radiation fort < 50s implies negligible radiation. 
However, as the heater temperature increases with time, radiation becomes ■significant, yielding a reduced 
heater temperature. Steady-state temperatures correspond to 562.4 K and 602. £ K. with and without 
radiation, respectively. The time required for the heater to reach 552.4 K (with radiation) is t « 155s. 

(c) If the heater temperature is to be maintained at a fixed value in the face of velocity' excursions, 
provision must be made for adjusting the heater power. Using the Explore and Graph options of EHT 
with the model of part (a), the following results were obtained. 
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FreeEli=5Ti velocity Vim-Ej 

For T = 275°C — 548 K. the controller would compensate for velocity reductions from 10 to 5 m/s by 
reducing the power from approximately 935 to 690 W/'m. 

COMMENTS: Although convection heat transfer substantially exceeds radiation heat transfer, radiation 
is not negligible and should be included in the analysis. If it is neglected. T = 603 K would be predicted 
for P^ ec = 1000 W/m, in contrast to 562 K from the results of part (a). 
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PROBLEM 7.45 

KNOWN: Pin fin of 10 mm diameter dissipates 30 W by forced convection in cross- flow of air with 
Reo = 4000. 

FIND: Fin heat rate if diameter is doubled while all conditions remain the same. 
SCHKMATIC: 



<i 
>3 



f> f f ^—Trtfinifety long pin fin, 



ASSUMPTIONS: ( 1 ) Pin behaves as infinitely long fin, (2) Conditions of flow, as well as base and 
air temperatures, remain the same for both situations, (3) Negligible radiation heat transfer, 

ANALYSIS: For an infinitely long pin fin, the fin heat rate is 

1/2 

qf =qconv =(hPkA c ) ^ 

2 

where P = ttD and A c = 71D /4. Hence, 

q conv ~(h.D.D 2 )'' 2 . 

For forced convection cross-flow over a cylinder, an appropriate correlation for estimating the 
dependence of h on the diameter is 



1/3 



NS u =J^ = CReSPr I/3 =C^j m pr 

From Table 7.2 for Reo = 4000, find m = 0.466 and 

h~D-^) a466 =D-°- 534 . 
ft follows that 

qconv-fD^D-D 2 ) 172 ^ 1 - 23 . 
[fence, with q| D| (10 mm) and -> D2 (20 mm), find 



I), 

q2 =qi \— - 



i) 



1 . 



1.23 ( a 23 

= 30 W — =70.4W. 
I 10 J 



COMMENTS: The effect of doubling the diameter, with all other conditions remaining the same, is 
to increase the fin heat rate by a factor of 2.35. The effect is nearly linear, with enhancements due to 

the increase in surface and cross-sectional areas (D ' ) exceeding the attenuation due to a decrease in 

the heat transfer coefficient (D ). Note that, with increasing Reynolds number, the exponent m 
increases and there is greater heal transfer enhancement due to increasing the diameter. 
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PROBLEM 7.46 

KNOWN: Pin fin installed on a surface with prescribed heat rate and temperature. 

FIND: (a) Maximum heat removal rate possible, {b} Length of the fin. (c) Effectiveness, i:f, <d) 
Percentage increase in heat rate from surface due to tin. 



SCHEMATIC: 




L 



A & = 2.0mm xZOmm 



D=5mm~~ 

Pin -fin — n , 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) Conditions over A s are uniform for both situations, 
(3) Conditions over fin length are uniform, (4) Flow over pin fin approximates cross-flow, 

PROPERTIES: Table ,1-4, Air (Tf = (T« + T s )/2 = (27 + 1 27)°C/2 = 350 K): v = 20.92 x 10" 

m 2 /s, k = 30.0 x 1 0~"' W/m-K. Pr = 0.700. Table A- 1, SS A f SI 304 { T = Tf = 350 K): k = 15.8 
W/m-K. 



ANALYSIS: (a) Maximum heat rate from tin occurs when fin is infinitely long, 

q f =M = (hPkA c ) ' 0 b 
from Eq. 3.80, Estimate convection heat transfer coefficient for cross-flow over cylinder, 

Re D = — = 5 m/s x 0.005 ni/20.92 x 1 0" 6 m 2 / s = 1 1 95 . 
v 

Using the Hilpeit correlation, Eq. 7.55, with Table 7.2, find 

h = -^CRegPr = (0.030W/m- K/0.005m)0.683(l 195) a4W ' (0.700) ,/3 = 98.9W7m 2 ■ K 

2 

from Eq. ( 1 ), with P = jtD, A c = jiD /4, and 0b = T s - T^, find 

/ i i \ 1/2 

q f = 98.9 W/iri -Kx,t (0.005 m)x!5.8 W/m - Kxij 0.005 m) /4 (127-27)K = 2 

1/2 

(b ) f rom Example 3.9, L as L^ = 2.65(kA c /hP) . f lence, 



20 W. 



L = L x = 2.65 



15.8 W/n-Kx* (0.005 m) 2 / 4/ 98.9 W/m 2 ■ K x *( 0.005 m)|' 2 = 37.4 



mm. 



(c) From Eq. 3,81, with h s used for the base area A s , the effectiveness is 



'-'f = " 



q f q f A, _ 2.2 W (0.020x0.020) m 2 



= 89.6 



h s A C) iA q wo A ch 0.5 W ff (0.005 m) 2 /4 
where h s = q wo / A s f^. 

(d) The percentage increase in heat rate with the installed fin (w) is 

< ^ < ^xl00 = Jq f + h s (A s -,TD 2 /4)(T s -T oo )]-q wo jxI00/q 



Iwo 



wo 



(1) 



Aq/q = 



.2 W + 12.5 W/m 2 -k([0.02 m] 2 -(jr/4)(0.005 m) 2 JlOO K -0.5 W I x 100/ 0.5 W 



Aq/q =435%. 
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PROBLEM 7.47 



KNOWN: Dimensions of chip and pin fin. Chip temperature. Free stream velocity and temperature of 
air coolant. 

PTND: (a) Average pin convection coefficient, [b) Pin heat transfer rate, (c) Total lieat rate, (d) Effect of 
velocity and pin diameter on total heat tate. 



SCHEMATIC: 



2 < D < 4 mm 




10 < V<40 m/s 
T= 300 K 



T b = 350 K 

AS SUMPTIONS: (1) Steady- state conditions. (2) One-dimensional conduction m pin, (3) Constant 
properties, (4) Convection coefficients on pin surface (tip and side) and chip surface correspond to single 
cylinder m cross flow. (5) Negligible radiation. 

PROPERTIES: Table A. I, Copper (350 K): k = 399 W/m-K; Table A.4 t Air (T f *325 K, 1 atm): v = 
18.41 x 10"* m 2 /s. k = O.02S2 W/m-K. Pr = 0.704. 



ANALYSIS : (a) With V = 10 m/'s and D — 0.002 ni 

YD 1 0 m/s x 0.002 m 

Re D = = _ 6 = 1087 

v lS.41xl(Tm /s 

Using the ChurclulL and Bernstein correlations. Eq. (7.54), 



Nuq = 0.3- 



0.62Re^ 2 Pr 1/3 



1/4 



1-: ■ 



( R«d 



1,282,000 



i4 5 



= 16.7 



l + (0.4/Pr) 2/3 

h = f NuDk/D) = (16.7 x 0.0282 W/m ■ K/0.002 m ) = 235 w/ m 2 ■ K 
(b) For the fin with tip convection and 

M = ( h/TDk/TD 2 /4j ' = (jt/2) 235 w/m 2 -K(0.002m) 3 399 W/m K 

1 : 



< 



1/2 



50 K =2.15 W 



m = ( hP/kA c f ' 2 = ^4x 235 w/ m 2 ■ k/399 W/m - K x 0.002 mj ' ' = 34.3 m 1 
mL = 34 3 m _1 (0.012 m) = 0.412 

{h/mk) = ^235w/m 2 k/34 3m _1 x 399 W/m - k) = 0.0172. 



Hie fill heat rate is 



smli mL + \ h/mk 1 cosh mL 

q f = M ±L- — — = 0.86S W 

cosh mL - 1 h/mk ) sinh mL 



< 

Continued.. 
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PROBLEM 7.47 (Cent.) 

(c) The total beat rate is that from the base and through the fui, 

1 = %+1f =hfw 2 -,tD 2 /4)% +qf = (O.151 + O.SS8)W = 1..019W . < 

(d) Using the IHT Extended Surface Model for a Pin Fi:: with the Correlations Tool Pad for a Cylinder in 
cro inflow and Properties Tool Pad for Air, the following results were generated. 




3 




Clearly, there is significant benefit associated with increasing V which increases the convection 
coefficient and the total heat rate. Although the convection coefficient decreases with increasing D, the 
increase in the total heat transfer surface area is sufficient to yield an increase in q with increasing D. The 
maximum heat rate is q = 2.77 W for V = 40 m/s and D = 4 mm. 

COMMENTS: Radiation effects should be negligible, although tip and base convection coefficients will 
differ from those calculated in parts (a) and (d). 
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PROBLEM 7.48 

KNOWN: Diameter, resistivity, thermal conductivity and emissivity of Nichrome wire. Electrical 
current. Temperature of air flow and surroundings. Velocity of an flow. 

FEND: (a) Surface and centerline temperatures- of the wire, (b) Effect of flow velocity and electric 
current on temperatures. 

SCHEMATIC: 



1 mm 




Nichrome 
k = 25 W/m-K 
p„ = 10* Q-m 
s = 0.20 



= 50°C 
V = 5 m/s 



ASSUMPTIONS: (1) Steady-state, (2) Radiation exchange with large surroundings, (3) Constant 
Nichrome properties, (4) Uniform surface temperature. 

PROPERTIES: Prescribed, Nichrome: k = 25 W/m-K, Pt = 10" 6 fi -m, e = 0.2. Table A-4, air 
( T f = SOOK : k a = 0.057 W / in - K, v = S.5 x 10~ 5 in" / 1, Pr = 0.71 j . 

ANALYSIS: (a) The surface temperature may be obtained from Eq. 3.55. with h = fc^ +h r and 
q = I 2 R e / V = I 2 p e I Aj = I 2 p e / ^jtD 3 / 4 J = 1.01 3 x 1 0 S W / in 3 . 
q(D/2) 



T,=T X +- 



2(h c 4h r j 

The convection coefficient is obtained from the Churchill and Bernstein correlation 

,n4/5 



c D 



0.3 + - 



0.62Re^Pr 



l + (0.4/Pr) 



2/3 



1/4 



■ 



1 + ;^D_; 

V 282, 000,/ 



> = 230W/irU--K 



where Repj = VD/v = 58.S, and the radiation coefficient is obtained fiomEq. 1.9 

■ r 2 . ~3 



h r = £ff(T s +T sur )(T s / +T^ irj 
From an iterative solution of Eqs. (1) and (2), we obtain 



(2) 



T s *1285K = 1012°C 



From Eq. 3.53, the centerlme temperature is 



q(D^2r 
4k 



1 .013 * 10 9 W / m 3 (0.0005m ) 2 
100 W/m-K 



-1012°C %I014°C 



The centerline temperature is only approximately 2 D C larger than the surface temperature, and the wire 
may be assumed to be isothermal. 

Continued 
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PROBLEM 7.48 (Cant.) 



(b) Over the range 1 < V < 1 00 m's for I = 2 5 A, h c vanes from approximately 1 14 W .■' ni*' ■ K to 

■) -i 2 _ 

1050 W ni~ ■ K. while li r vanes from approximately 69 W /m" ■ K to 4 W /m" -K. The effect on the 

surface temperature is shown below. 




-| — I — | — I — | — I — | — I — | — I — 

'] 2D id 60 30 100 

Wrwladl)(raft) 

Maximum and minimum values of T 3 = 1433°C and T 3 = 290°C are associated with the smallest and 
largest velocities respectively, while the difference between the centerhne and surface temperatures 
remains at (T 0 -T & ) ~ 2 D C. 

For V = 5 m/s. the effect on T 5 of varying the current over tlie range from 1 to 30A is shown below. 

uog -, , , , , , , 




□ H 1 1 1 1 1 

0 E 1(] 15 20 25 50 
Elec:1ccLrrenh|A) 



From a value of T 3 = 52 3 C at 1A, Tn increases to L320°C at 3 OA. Over this range the temperature 
difference ('T 0 -T s ) increase? from approximately 0_01°C to 3°C. 

COMMENTS: (1) The radiation coefficient for the conditions of Part (a) is b r = 32 W ;'m" ■ K, which 

is approximately of the total coefficient li. Hence, except for small values of V less than 
approximately 5 m/s. radiation is negligible compared with convection. (2) The small wire diameter 
and large thermal conductivity are responsible for maintaining nearly isothermal conditions within the 
wire. (3) The calculations of Part (b) were performed using the IHT solver with the function 
= T^Emd avg (Js > ^inf ) use d t0 account for the effect of temperature on the air properties. 
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PROBLEM 7.49 

KNOWN: Temperature and heat dissipation in a wire of diameter D. 

FIND: {a) Expression for flow velocity over wire, (b) Velocity of airstream for prescribed conditions. 
SCHEMATIC: 



V, p=la+m—& ^O.Swm 




ANSl.M PTIONS: ( 1 ) Steady- state conditions, (2 ) Uniform wire temperature, (3) Negligible 
radiation. 

PROPERTIES: Table A -4, Air (T- /; 298 K, 1 atm): v 15.8 x K)" 6 m 2 /s, k = 0.0262 W/m-K, Pr = 
0.71: (T s = 313 K, I atm): Pr = 0.705. 

ANALYSIS: (a) The rate of heal transfer per unit cylinder length is 
q' = (qrL) = h(«D) (T.-T^) 

where, from the Zhukauskas relation, with Prs; Pr s , 



h=A C R C m Pr n =-cf— ) Pr 11 
D D D { v ) 



Hence, 



v= 



1/m 



(k/D)CPr n (^D) (T s -T w ) 



(b) Assuming ( 1() 3 < Re D < 2 x 1 Q 5 ), C - 0.26, m - 0.6 from Table 7.3. I lence. 



v= 



35 W/m 



0.0262 W/m-Kx0.26(0.71) 0 ' 37 7r(40-25)°C 



I 0.6 



^ 15.8xlQ~ 6 m 2 /5 ^ 
5xl0" 4 m 



V=97m/s. 

To verify the assumption of the Reynolds number range, calculate 

'nil 

:3074 



Re D = : 



07 m 



's f 5 x ;i i 'in 



v 15.8xl0" 6 m 2 /s 
Hence the assumption was correct. 

COMMENTS: The major uncertainty associated with using this method to determine V is that 
associated with use of the correlation for Nil D . 
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PROBLEM 7.50 



KNOWN: Platinum wire maintained at a constant temperature in an airstream to be used for 
determining air velocity changes. 

FEND: (a) Relationship between fractional changes in current to maintain constant wire temperature 
and fractional changes in air velocity and (b) Current required when air velocity is 10 nv's. 

SCHEMATIC: 




JD- O.Smrrr 



ASSUMPTIONS : (1) Steady- state conditions. (2) Cross- flow of air on wire with 40 < Ken <: 1 000, 
(3) Radiation effects negligible, (4) Wire is isothermal. 

PROPERTIES: Platinum wire (given): Electrical resistivity, p e = 17.1 x 10~ 5 Ohm-m Table A-4, 

-6 2 

Air (T;b = 27°C = 300 K, 1 arm): v = 1 5.89 x 10 m .'s. k = 0.0263 W/m-K, Pr = 0.707; (T s = 77 D C = 
350 K 1 arm): Pr s = 0.7QQ. 

ANALYSIS: (a) From an energy balance on a unit length of the platinum wire, 

lelec " Iconv = ^e " Ep f T s " T oc ) = 0 (1) 
where the electrical resistance per unit length is R^ = p» e / A c , P = jtD, and A^ = ttD - .^. Hence, 

nl/2 r „_ , nl/2 



^(T 5 -T„) 
We 



,T 2 hD 3 
4p e 



(2) 



For the range 40 Rerj =: - 1000, using the Zhukauskas correlation for cross-flow over a cylinder with 
C =0.51 and m = 0.5, 

- f \l/4 

— hD 0 5 0 371 Pr \ I VD 

Nu n = = 0.51 Re^ Pr =0.51 

k D Pr c 



*.0.5 



Pr 



0.57 



' Pr 



vPr S 



(3) 



V~s./ v V J 

note that . which, when substituted into Eq. [2) yields 

Ir 4-l/2 = J v Q.5j 1/2 =v l/4 

Differentiating the proportionalitv and dividins the result by the proportionality, it follows that 

' (4) < 

I 4 V 

(b) For air at T x = 27 D C and V = 10 m's. the current required to maintain the wire of D = 0.5 mm at T 5 
= 77°C follows from Eq. (2) with h evaluated by Eq. (3) 

Continued 
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PROBLEM 7.50 (Ccmt.) 



r 0.0263 W/m-K 
0.0005 tu 



10 ni/s x 0.0005 m 
15.89 KlC' 6 m 2 /s, 



0.5 




.1 '4 



xO.51 



n 



h = 420 W.'in ■ K 



where Re]} = 31:?. Hence the required current is 



ff 2 x420 W;m 2 -K(0.0005 m) 3 



1/2 



1 = 



4x17.1x10 5 Q m 



(77-27)K =195 mA. 



(5) 



COMMENTS: (1) To measure 1% fractional velocity change, a 0.25% fractional change in current 
must be measured according to Eq. (4). From Eq. (5), this implies that AI = 0.00251 = 0.0025 x 195 
mA = 488 llA. An electronic circuit with such measurement sensitivity' requires care in its design. 

(2) Instruments built on this principle to measure air velocities are called hot-wire anemometers. 
Generally, the wire diameters are much smaller {3 to 30 pm vs. 500 ^im of this problem) in order to 
have faster response times. 

(3) What effect would the presence of radiation exchange between the wire and its surroundings have 17 
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PROBLEM 7.51 

KNOWN: Temperature sensor of 12.5 mm diameter experiences cross- flow of water a I SO r 'C and 
velocity. 0,005 < V < 0.20 m/s. Sensor temperature may vary over the range 20 < T s < 80°C. 

FIND: Expression for convection heat transfer coefficient as a function of T s and V. 
SCHEMATIC: 

8 



O.005<y<020m/s 




-zo<r s <ao°c 



.^~Linear -fit 



'300 325 &0*%(K) 



ASSUMPTIONS: ( I ) Steady- state conditions, (2) Sensor-water flow approximates a cylinder in 
cross- flow, (3) Prandtl number varies linearly with temperature over the range of interest, 

PROPERTIES: Table Sat. water (T^ = 80°C = 353 K): k = 0.670 W/m-K, v = u.v f = 352 x 10" 

6 2 -3 3 -7 2 

N-s/m x 1 .029 x 1 (f m /kg = 3.621 x 10" m/s; Pr s values for 20 < T s < 80°C: 



T(K) 
Pr 



293 
7.00 



300 
5.83 



325 

3.42 



350 

2.29 



353 
2.20 



ANALYSIS: Using the Zhukauskus correlation for the range 40 < Reo < 4000 with C = 0.5 1 and m 

= 0,5. 



^^i^o.siRe^Pr 0 - 37 
k D 



1/4 



Pr s . 



with Rerj) = VD/v, the thermophysical properties of interest are k, v and Pr, w hich arc evaluated at T^, 
= 80°C, and Pr s which varies markedly with T s for the range 20 < T s < 80°C. Assuming Pr s to vary 
linearly with T s and using the extreme values to find the relation, 
(2.20-7.00) 



Pr s = 7.00 + 



(353-293)K 



(T s -293)K = 7. 00-0. 0800 (T s -293) 



where the units of T s are [K.]. Substituting numerical values, find 



0-670 W/m-K q5 ( ( V, 0.012. m \ > ^ ,, 7 ( , 

l3.621^0- 7 m 2 / S i U.00-0.08( 



20 



. I 4 



0.0125 m 

,0.5 



080 (T s -293) ) 



h(T s ) = 6800V 0 ' 5 [3. 182 - 0.0364(T S - 293)] 



-I 4 



COMMENTS: ( I } From the Pr s vs T s graph above, a linear fit is seen to be poor for this temperature 
range. However, because the Pr s dependence is to the W power, the discrepancy may be acceptable. 
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PROBLEM 7,52 

KNOWN: Diameter, electrical resistance and current for a high tension line. Velocity and temperature 
of ambient air. 

FEND: (a) Surface and (b) Centerlme temperatures of the wire, (c) Effect of air velocity on surface 
temperature. 

SCHEMATIC: 

■D = O.025 m q = q7(^}l4 

R'. = 10" 4 Q/m 



ZD 



/ = 1000 A | | 

(Air^ ^=10°C, 1 <V< lOm/s 

ASSUMPTION'S: (1) Steady-state conditions, (2) Constant properties, (3) One-dmiensional radial 
conduction. 

PROPERTIES: Table A.4, Air (T f a; 300 K, 1 atm): v = 1 5.89 x 10" e rrrVs, k = 0.0263 W/mK, Ft = 
0. 70 7: Table A.l, Copper (T s= 3 00 K) : k = 400 \\7m- K. 

ANALYSIS : (a) Applying conservafton of energy to a control volume of unit length, 
E^=I 2 Re=q' = h,TD(T s -T M ) 

YD 10 in/? (0.025 m) 
Re D = — = V ' , =15.733 



15.89x10 6 m 2 /s 



the Churchill and Bernstein correlation, yield*. 



1/2 n.L/3 



Nu D = 0.3+- 



0 62Re^ z Pr 



1 + 



?82.000 



5/8 



Hence. 



and 



|^l + (Q.4/Pr) 2/ 

7- Tj - k 0.0263 W/m - K / 2 „ 

h = Nun — = 69.0 ■ = 72.6 W/m -K 

D 0.025 m ' 



4/5 



= 69.0 



T — T ■ 



I 2 Re 
h,TD 



■ = 10 C + - 



(1000 A) lO^fVm 



■ = 10 C + 17.6 C = 27.6" C 



[ 72.6 w/m 2 K^i 0.025 mi 
(b) With q = E^^D 2 /4) = 4(1000 A) 2 (lO -4 Q/m )y/,T (0.025m) 2 = 2.04 x 10 5 w/ m 3 , Equatiot 

.041 xlO 5 w/m 3 (0.0125 mf ... , 
* ■—+ 27.6 C = 0.02 C + 27.6 C =s 27.6' C < 



3.53 vields 



T(0)=-^ + 11 =- 

4k * 



1 600 W/m -K 



Continued.. 
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PROBLEM 7.52 (Coiit.) 



(c) The effect of V on the surface temperature was determined using the Correlations and Properties 
Tool Pads of IHT. 




1 2 =- z- E 7 H 9 *>□ 



The effect is significant,. with a surface temperature of T^ & 70°C corresponding to V = 1 rn/s. For 
velocities of 1 and 10 ms, respectively, convection coefficients are 21.1 and 72.8 W/rrf-K and film 
temperatures are 313.2 and 291.7 K. 

COMMENTS: The small values of q and r 3 and the large value of k render the wire approximately 
isothermal. 
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PROBLEM 7.53 



KNOWN: Aluminum transmission line with a diameter of 20 mm having an electrical resistance of 

R f = 2 .63(5 x 10 ohm'm carrying a current of 700 A subjected to severe cross winds. To reduce 
potential fire hazard when adjacent lines make contact and spark, insulation is to be applied. 

FEND: (a) The bare conductor temperature when the air temperature is 20 °C and the line is subj ected 
to cross flow with a velocity of 10 m/s; (b) The conductor temperature for the same conditions, but 
with an insulation covering of 2 mm thickness and thermal conductivity' of 0.15 W/m-K; and (c) Plot 
the conductor temperatures of the bare and insulated conductors for wind velocities in the range of 2 to 
20 m's. Comment on the features of the curves and the effect that wind velocity has on the conductor 
operating temperatures . 



SCHEMATIC: 



I = 700 A 



f— Conductor (bare) 
D 2; nm 

R;= 2.636*1 [T'fl'm 



= 20°C 
0 m/s 



Cross-sectional 
view with insulation 




Insulation 

: - 2 :i r.t 
ft = 0.1 5 W/m-K 



ASSUMPTIONS: (1) Steady-state conditions.. (2) Uniform surface temperatures, (3) Negligible solar 
irradiation and radiation exchange, and (4) Constant properties. 



PROPERTIES: Table A-4, An (Tf=(T s +- Tx,)/2, 1 atm): evaluated using the IHT Properties library 
with a Correlation function: see Comment 2. 



ANALYSIS: (a) For the bare conductor the energy balance per unit length is 

F' — P' 4-"F r — n 
c in ^out -^-sen _ u 

G-qcv + qA c =0 

2. 

where the cross-sectional area of the conductor is Ac = JtD .'4 and the generation rate is 



(1) 

(2) 



q = Y- Ry A c = (700 Af x 2.636 x 1 0 Q / m/ 1 71 (0.020 m ) / 4 

q = 4.111xl0 5 W/m 3 
Tlie convection rate equation can be expressed as 

qcv=(^,bare-T^)/R; R{ = l/(h D x,tD) (3.4) 

and tlie convection coefficient is estimated using the Churcliill-Bernstein correlation. Eq. 7.54, with 
Re D = VD/v = 



k r o,.t1/4 



l + (0.4/Pr) 



2 3 



1 + "^£D_ 
v 282, 000 j 



5/8' 



4/5 



•: : 



(b) For the conductor with insulation thickness t = 2 mm, tlie energy balance per unit length is 

Lin Ennt ~t" 



'in ^out " l " r, gen ~~ 0 



0 



-{T^-T^J/Ri + I^/A^O 



(5) 



Continued 
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PROBLEM 7.53 (Coiit.) 



where R j is the sum of the insulation conduction and convection process thermal resistances, 

Rt = ^n[(D + 2t)/D]/(2^k)+l/[h D+2t ,T(D + 2t)] (6) 
The results of the analysis using IHT are tabulated below. 



Condition 


V 


D 


Rjcd 


Nu D 


ho 




T c 




(nv's) 


(mm) 






(W/rn-K) 


(m-K/W) 


(°C) 


bare 


10 


20 


1.214 x 10 4 


59.6 


79.6 


0.1 99S 


45.E 


insulated 


10 


24 


1.468 x 10 4 


663 


73.6 


0.3736 


6S.3 



(c) Using the IHT code with the foregoing relations, the conductor temperatures Td^e and T c .iu5 for 
the bare and insulated conditions are calculated and plotted for the wind velocity range of 2 to 20 m/s. 




COMMENTS: (1) The effect of the 2-mm thickness insulation is to increase the conductor operating 
temperature by (6S.3 - 46. 1 ) S C = 22 S C While we didn't account for an increase in the electrical 
resistivity 7 with increasing temperature, the adverse effect is to increase the PR. loss, which represents 
a loss of revenue to the power provider. Frointlie graph, note that the conductor temperature increases 
markedly with decreasing wind velocity, and the effect of insulation is still around +20 C C. 

(2) Because of the tediousness of hand calculations required in using die convection correlation 
without fore4mowledge of Tf at which to evaluate properties, we used the IHTCairelation function 
treating Tf as one of the unknowns in the system of equations. Salient portions of the IHT code and 
property values are provided below. 

Continued 
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PROBLEM 7.53 (Cont.) 



Forced convection, cross flow, cylinder 

NuDbar= NuD_bar_EF_CYiReD,Pr) 
NuDbar = hDbar * Do I X 
ReD = V * Do I nu 



IS Eq7.54 

II Outer diameter; bare or with insulation 



II Evaluate properties at the film temperature, Tf. 

Tf = Tfluid_avg {Tinf.Ts) II Ts is the outer surface temperature 

I* Correlation description: External cross flow (EF) over cylinder fCY). average coefficient, 

ReD*Fr>0.2, Churchill-Bernstein correlation, Eq 7.E4. See Table 7.9. V 

I! Air property functions : From Table A.4 
II Unite:: T(K); 1 aim pressure 

nu = nu_TCAir,Tf) tl Kinematic viscosity, m*2fe 

k = k_T{"Air" Jf) tl Thermal conductivity, VWm ■ K 

Pr = PrJT'Aif.Tfl // Prandtl number 



(3) Is the temperature gradient within the conductor significant 0 
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PROBLEM 7.54 



KNOWN: Velocities and temperatures of uvo air streams separated by a wall. Dimensions of an 
aluminum pin fin inserted through the wall. Distance it extends into the upper fluid. 

FLND : (a) Heat transfer rate between the fluids via the pin fin. when it extends 50 mm into the upper 
fluid, (b) Heat transfer rate as a function of the distance it extends into the upper fluid. 



SCHEMATIC: 



10"C r V= 10mfs 



Air 



D = 5 mm 



L- 1Q0 mm 



r_=40'"C I V = 3 m/5 
Air 



ASSUMPTIONS : (1) Velocity is uniform - decreased velocity near wall can be neglected, (2) For 
the purpose of evaluating properties the fin temperature is equal to the average of the two fluid 
temperatures, T 3 = 25 n C. 

PROPERTIES: Table A-4, Air 1 (T n = 17.5 C C s 290.5 K): \\ = 1.504 x 1G" 5 m : /s : k] = 0.02554 
W/m-K, Pi] = 0.710. Air 2 (T c = 32.5 S C = 305.5 K): v, = 1.644 x 10"- nr/s, k : = 0.02671 W/m-K, 
Pr 2 = 0.706. Table A-l, Aluminum 2024 (T s = 25°C = 300 K): k = 177 W/m-K. 

ANALYSIS: 

(a) The heat transfer coefficients between the an and the fin are analyzed as flow past a cylinder 
usin? the Churcliliill-Beinstem correlation: 



Re D: 



_ V,D 



LQ m/s x 0.0Q5 m 
1.504 x 10" 5 m 2 /s 
3 m-'s * 0.005 m 
1.644 x lO^nr.-'s 



= 3320 



= 912. 



From Equation 7.54, 



Nu D1 =0.3 - 



= 0.3 + 



0.62 Rej£ Pr 1 ' 3 



[l + C0.4/Pr]) 2 ' 3 ] 1M 



1 + 



Re 



{ 282,000 



S/Sl 



- v 



0.62 x (3320) 1,,;2 x (0.710) 1 



[l ■+ (0.4/G.710) 3 *]" 4 



i 3320 ) 
{ 282,1 



- v 



000 J 



= 29.7 



and 



Nu D ,k, 29.7 x 0.02554 W/m-K . 2 

~ ' - — = 152 W/m -K 



D 



0.005 m 



Continued. 
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PROBLEM 7.54 (font.) 



Similarly, Nu m = 15.3, h 3 = 81.5 W/m : -K. 

Nest we analyze heat transfer along the rod as if it were two fins joined at their base - the location 
where the fin passes through the wall. Thus, using the corrected fin ieugth approach, Equation 3.88. 

qj = Mj tanh m-L cl 
q : = M 2 tanh m 2 L e2 



where 



m L = ^hiP/kAj. = 2 1 /b i :kD 

and L c i = L; - D/4. In this expression, Li = d and = L - d. Finally, since heat leaving one 
rod enters the other, 



qi : 



yjhpk^y (J h - TU) tanh m^ = -,/h,Dk^ (T b - T^,) tanh 

Solving for TV 

= ^hj" T al tanh(m : L el ) +^/E7 T a2 ranh(m : L c: ) 
■v/hT tanh(ra ] L i ,j) + ^h7 tahh(m->L c -)) 



(1) 



We calculate 

m 1 = = 2^15! Wm : ■ K/(177 W/m ■ K x 0.005 m) = 26.2 m" 1 

and similarly m 2 =19.2 m" 1 . Also, L ci = L cl = d + D/4 = 0.05 m - 0.005 ni. ; 4 = 0.05 125 m. 
Thus 



T b = 



Vl52W/m : -K x 1 0°C: >• tanh (26.2 m" 1 x 0.05125 m) 
+ Vsi-5 W/m 3 K x 40 3 C x tanh {19.2 nT 1 x 0.05125 m) 

52 W/m 3 K x tanh (26.2 m" 1 x 0.05125 m) 
-Vsi.5 W/'m 2 -K x tanh (19.2 m" 1 x 0.05125 m) 



Finally 



(2) 



L52 W/m 1 ■ K x 0.005 m x 177 W/m - K x 



rt{0.005m) 



x (21.6°C - 10°C) tanh (26.2 m _1 x 0.05125 m) 



= 0.924 W 



Continued. 
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PROBLEM 7.54 (Cont.) 



(b) With La = d - D/4 and L : : = L - d + D/4, we vary d in the range 0 < d < 0. 1 m and solve 
Equations (1) and (2). The results for q are plotted below. 




We see that there is an optimal insertion distance, d = 40 mm. A longer fin length (- 60 mm) is 
needed m fluid 2 to compensate for its smaller heat transfer coefficient. 

COMMENTS . It is. of interest to compare the heat transfer between the two fluids via the fin to the 
heat transfer through the wall. In Chapter 8 we will see how to calculate heat transfer coefficients for 
flow in a channel. Assuming that the channel widths are both approximately 50 mm, the heat transfer 
coefficients between the fluid and the wall are roughly 40 W/m^K and 10 W/nf'K for the faster and 

T - T 

slower streams, respectively. Then q'* = = - — = 240 W/'m' L . A wall area of 4 * ID"'' m~, for 

1/hj + l/h 3 

example a 60 mm-square area, would be required to transfer the same amount of heat as the fin (in part 

a) = 0.924 W. 
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PROBLEM 7.55 



KNOWN: Velocities and Temperature? of two air streams separated by a wall. Dimensions of an 
aluminum pin fin inserted through the wall. Distance it extends into The upper fluid. 

FIND: (a) HeaT transfer rate between the fluids via the pin fin. when it extends 50 mm into rhe upper 
fluid, (b) Heat transfer rate as a fiinction of the distance it extends into rhe upper fluid. 

SCHEMATIC: 



T^WC, V=10 m/s 
Ethylene glycol 



D = 5 mm- 



L - 100 mm 



: 40X, V = 3m!s 



Water 



ASSUMPTIONS : (1) Velocity is uniform - decreased velocity near wall can be neglected (2) For 
the purpose of evaluating properties, the fin temperature is equal to the average of the two fluid 
temperatures, T, — 25°C. 

PROPERTIES: Table A-4, Ethylene glycol (T ;L = 1 7.5°C = 290.5 K): v L - 2. L7 x 10"- ur/s, k : = 
0.2482 W/mK, Pri = 231. Air (T E = 32.5°C = 305.5 K): \ 2 = 1.644 x 10"* nrVs, h = 0.02671 W/mK, 
Fi 2 = 0.706". Table A-l, Aluminum 2024 (T 5 = 25°C ~ 300 K): k = 177 W/m-K. 



ANALYSIS: 

(a) The heat transfer coefficients between The air and the fm are analyzed as flow pasr a cylinder 
using rhe Churchhill-Bernstein correlation: 



Re' 



d: 



^D _ lOrn's * 0.005 m 



Re- 



DJ 



VD 



2.17 x l(rV/s 
3 m's x 0.005 m 
1.644 x 10" 5 m 2 /s 



■■ 2304 



= 912. 



From Equation 7.54, 



Nu D1 = 0.3 - 



= 0.3 + 



0.62 Re^ Pr 1 '' 3 



[l +(0.4/Pr 1 ) 2/3 ] 1 '' 4 



1 + 



0.62 x (2304) 1 '-x (231)' 



: 3 



i"l +(0AJ231) m f 4 



282,00oj J 

1,282,000 J 



= 1S9 



and 



Numk, 1 89 x 0.2482 W/m - K 



D 



0.005 m 



9400 W/m" K 



Continued. 
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PROBLEM 7.55 (Ctmt.) 



Similarly, Nu D: = 15.3, h : = 81.5 wW-K. 



Next we analyze heat transfer along the rod as if it were two fins joined at their base - the location 
where the fin passes through the wall. Thus, using the corrected fm length approach. Equation 3.SE 

qj =M :] tauhnijLjj 
q 2 = M 2 tauh m 2 L c2 



where 



M, = JhiPkA^ = fipk^ (T b - T*) 

and L t i = L; - D/4. In this expression, Li = d and Lj = L - d. Finally, since heat leaving one 
rod enters the other, 



^Dk^ (T b - T^) tanh mi L cl = -^h.Dk-^ (T b - T^) tanh m 3 L d 



iiD 



Solving for Tb: 

= T Bl tanh(m : L el ) + ^hT T xj tanh(m ; L e3 ) 
■v/hl Tanh(m ; L tl ) + ^/hT tanh(m ; L c i) 



(1) 



We calculate 

nij = 2.Jh 1 /kD = 2^9400 W/m 2 -K/(177 W/m-K x 0.005 m) = 103 m 1 

and similarly m 2 = 19.2 in" 1 . Also, L ci = Ui = d + D/4 = 0.05 m - 0.005 m/4 = 0.0512.5 m 
Thus 

_ _ V940G W/m 1 ■ K * IQ°C x tanh (103 m 1 x 0.05125 m) 

+ >/si.S W ■ K x 40°C x tauh {19.2 m" 1 < 0.05125 m) 

^9350 W.in 3 -K x tanh (103 in" 1 x 0.05125 m) 

1 = 12.0°C 

+ Vsi-5 W/m 2 -K x tanh (19.2 m" 1 x 0.05125 m) 



Finally 



q= qj = -q 2 = V h l Dk ^T ( T t " T =l) tanh ( m l L d) 

z 



(2) 



94O0 W/ra' - K x 0.005 m x 1 77 W/m - K x 



-1 0.005 tr.) 



x (12 0°C - 10°C) tanh (103 m J x 0.05125 in) 



= 1.41 W 



Continued. 
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PROBLEM 7.55 (Coiit.) 




We see that there is an optimum for small d. that is. the fm extends mostly into the air. A longer fin 
length is needed in air to compensate for its smaller heat transfer coefficient. 

COMMENTS: It is of interest to compare the heat transfer between die two fluids via the fin to the 
heat transfer through the wall. In Chapter 8 we will see how to calculate heat transfer coefficients, for 
flow in a channel. Assuming that the channel widths are both approximately 50 mm., the heat transfer 
coefficients between the fluid and the wall are roughly 2000 W.ni-K and 10 W/nr-K for the ethylene 

T - T 

sycol and air streams, respectivelv. Then q"= = — = 500 W. ni" . A wall area of 3 x 10" J nr. 

1/hj + l/h 2 

for example a roughly 50 mm- square area, would be required to transfer the same amount of heat as 
the fin (in part a), 1 .41 W. 
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PROBLEM 7.56 



KNOWN: Diameter, thickness and thermal conductivity of steel pipe. Temperature of water flow in 
pipe. Temperature and velocity of air in cross flow over pipe. C o=; of producing hot water. 

FIND: (a) Cost of daily heat loss from an uninsulated pipe, (b) Savings associated with insulating the 
pipe. 

SCHEMATIC: 



V = 3 rWs 




Insulation 
Dp = 120 mm 
= 0.026 W/m-K 

Steel pipe 
D, = 84 mm 



k p = 60 W/m-K 



q' 



cnd.p 



ASSUMPTIONS: (1) Steady- state, (2) Negligible convection resistance for water flow, (3) 
Negligible contact resistance between insulation and pipe. (4) Negligible radiation. 

PROPERTIES: Table A- 4. air (p = 1 tarn, T f = 300 K } : k a = 0.0263 W/ in -K. 



v = 15.39x10 in / >, Pr = 0.707. 



ANALYSIS: (a) With Rep = VD 0 Iv = 3m,'sx 0.1m/ 15. 89x10 6 m 2 Si = 18,580, application of the 
Churchill-Bernstein correlation yields 

0.62(18,800) (0.707) . ,'18,880 



Nu D = 03 + - 



-XU, 



1 +{0.4/ 0.707) 

0.0263 W/m-K 
0.1m 



2/3' 



1/4 



5 S' 



282,000 . 



= 76.6 



76.6 = 20.1W7m z -K 



Without the insulation, the total thermal resistance and heat loss per length of pipe are then 



r; 



totl wo j 



hi (100/ 8+) 



2,Tk p ft D 0 h 2jtx60W/hi-K k (0.1m) 20. UV / m" ■ K 
( 4.63 x 1C~ 4 -0.15s)m-K/W = 0.159 m-K/W 



T-T„ 



55°C 



4 wo _ 



Rtot(wo) 0.159m. K/W 



■ = 346W/m = 0.346kW/m 



The corresponding daily energy loss is 

q; vo = 0.346 kW / m * 24 h / d = 8 .3 kW ■ h ■■' m - d 
and the associated cost is 

C^ 0 = (8.3 kW ■ h / m ■ d) (S0.Q5 / kW h) = $0,415 / m - d 
(b) The conduction resistance of the insulation is 



Continued 
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PROBLEM 7.56 (Cont.) 

ln('D 0 ./Di) Jn (120 /1 00) 

R' d = - ^ = — ! -— = 1.116m- K/W 

cna 2^ 2tt (0.026 W/in-K) 

Using the Churchill-Bernstein coirelation with an outside diameter of D 0 = 0. 12in : Rep = 22, 660. 
Nu D = S3 .9 and h = 18.4 W ■■'m 2 K. The convection resistance is then 

Kn-v = -^r = - J 7— = °- 144m ■ K / W 

and the total resistance is 

R tot(w) = (+.63 x 1 0 -4 + 1 . 1 1 6 + 0. 144 ] m K / W = 1 .261 m K / W 

Tlie heat loss and cost are then 

q ' = T ~ Tx = = 43 .6 W / rn = 0.0436 kW / m 

R tot(V| 1.261m -K/W 

C w = 0.0436 kW / m x 24h / dx $0.05/ kW h = SO 052 /m d 

The daily savings is then 

S' = C wo - C w = S0.363 /m ■ d 

COMMENTS: (1) The savings are significant, and the pipe should be insulated. (2) Assuming a 
negligible temperature drop across the pipe wall, a pipe emissivity of s p = 0.6 and surroundings at 
T 3ur = 265K. the radiation coefficient associated with the uninsulated pipe is h r = Etr^T + T^j) 

( T 2 + T^j j = 0.6 x 5 .67 x 10~ S W / in 2 - K 4 { 59 IK ) (}23 2 + 26S 2 )k 2 = 3 . 5 W ■ ni 1 ■ K. Accordingly. 

radiation increases the heat loss estimate of Part (a) by approximately 17%. 
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PROBLEM 7.5: 



KNOWN: Diameter and surface temperature of an uninsulated steam pipe. Velocity and temperature of 
air in cross flow. 

FIND: (a) Heat loss per unit length, (b) Effect of insulation thickness 011 heat lo^s. 
SCHEMATIC: 



®V 5 ti/s 
T M = -10 «C 



r 3 f = iso °c 



Insulation 

326 

□ - 500 mm 



kf= 0.026 W/m-K- 




0 < 6 < 50 mm 



ASSUMPTIONS: (1) Steady- ^tate conditions, (2) Uniform surface temperature. (3) Negligible radiation. 
PROPERTIES: Table A.4, Air (T f as 350 K, 1 atm] : v = 20.9 x 10"* m : /s, k = 0.030 W/m-K Pr = 0.70. 
ANALYSIS : (a) Without the insulation, the heat loss per unit length is 

q'^D^-T^) 

where li may be obtained from the diurehill-Bernstein relation. With 
VD_ 5m/ S xQ,5m = U96xl0 5 



Re D = 



v 20.9xl0 _6 m-/i 



Nud = 0.3+- 



0.62. Re^ 2 Pr L '' 3 



[l + (0.4/Pr) 2/3 



1/4 



1^282,000 ) 



:242 



h = Nun — = 242 ■ = 14.? \\/ 

D 0.5 m 



m 2 -K 



The heat rate is then 

q' = 14.5 w/ m 2 - K x (0.5 in) (l 50 - (-1 0 ))° C = 3644 W/l 

(b) With the insulation, the heat loss may be expressed as 
where, from Eq. 3.31, 



(D/2), _ 1 ' 
lnr+^ 



-: 



lq Th 

and 7 = ( D/2 + £?)/( D/2 ) . The outer diameter, D 0 = D - 25, as well as the film temperature, Tf = [J ifi ■ 
T )/2, must now be used to evaluate the convection coefficient, where 



Continued... 
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PROBLEM ".57 (Com.) 

T ^i- T 5,o _ Rcaid _ (hrj/kj 
T M -T„ Ri ot Cln7)/k i+ l/{D/2)ih 

Using the IKI CoiTelatfons and Properties Tool Pack to evaluate h , the following results were obtained. 




o -id 2D 3: i: sa o in a M 4a sa 

IrajstoHI-lclnsEi aed^mni; InsUarlon BUcHiik^ del:a(niir) 



The insulation is extremely effective, with a thickness of only 10 mm yielding a 7-fold reduction in heat 
loss and decreasing the outer surface temperature from 150 to 10 C C. For 5 = 50 mm, U L = 0.56 W/m 3 K. 
q' = 140 W/m and T M = -5.2°C. 

COMZMENTS: The dominant contribution to the total thermal resistance is made by the insulation. 
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PROBLEM 7.58 

KNOWN: Dimensions and thermal conductivity of a thermocouple well. Temperatures at well tip 
and base. Air velocity, 

KIND: Air temperature. 

SCHEMATIC: 



L*OJSmM 



T 

'a? 




D;=5mm — : — r*-*l I 
D o -10mm — h H 



Thermocouple we// 
450K 



ASSUMPTIONS: ( 1 ) Steady -state conditions, (2 ) Constant properties, (3) One-dimensional 
conduction along well, (4) Uniform convection coefficient, (5) Negligible radiation, 

PROPERTIES: Steel (given): k - 35 W/m-K; Air(given): p = 0.774 kg/m"\ u = 251 x H)" 7 N-s/m 2 , 
k 0.0373 W/m-K, Pr 0.686, 

AN ALYSIS: Applying Equation 3.70 at the well tip (x = L), where T = T\, 



With Rc n - 



— — = fcosh mL + (h/mk)sinh iitL] 

m = (hP/kA c )' /2 P = ^D 0 = /r(0.010m)=0.03l4m 
A c =(;r/4)(D 2 -D 2 ) = (?r/4)(o.010 2 -0.005 2 )m 2 =5.89xl0~ 5 m 2 
pVD _ 0.774 kg/m 3 (3m/s)0.01 m 



251x10"" N ■ s m- 



■ = 925 



C = 0.5 1, m = 0.5, n = 0.37 and the Zhukauskas correlation yields 

Nu^ = 0.51Re^ 5 Pr°- 37 (Pr/Pr s ) 1/4 ^0.5l(925) 0 - 5 (0.686) 0:,7 xl = 13.5 

- — k 0.0373 W/m-K . 2 

h = Nu n =1 3.5 = 50.4 W/rn ■ K. 



0.01 in 



Hence 



m = 



(50.4 W/m 2 -It) 0.03 14 m 



il/2 



(35 W/m-K) 5.89 xlO -5 m 2 



= 27.7 m" 1 mL = (27.7m" l )0.15m = 4.l5. 



With 



find 



( h/mk) = (50.4 W/m 2 ■ k)/(27.7 m" 1 )(35 W/m ■ K) - 0.05 19 



T, T, 



^ ^f = [3 1.9 + (0.05 19)31.8] '=0.0298 T w =452.2 K. 



COMMENTS: Heat conduction along Ihe wall to the base at 375 K is balanced by convection from 
the air. 
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PROBLEM 7,59 

KVOW>": Mercury-in- glass thermometer mounted on duct wall used to measure air temperature. 

FIND: (a) Relationship for the immersion error, ATj = T(L) - T x as a function of air velocity, 
thermometer diameter and length, (b) Length of insertion if AT. is not to exceed Q.25 = C when the air 
velocity is 10 m's, (c) For the length of part (b)„ calculate and plot ATj as a function of air velocity' for 2 to 
20 nvs. and (d) For a given insertion length, will AT t increase or decrease with thermometer diameter 
increase; is ATj more sensitive to diameter or velocity changes? 



SOTHIATIC: 



7 V 



r i) = i5°c 



Glass thermometer, D = A mm 



/// 



I 

L 

T w = 77 °C 
2 < V< 20 m/s 



ASSUMPTIONS: (1) Steady-state conditions. (2) Thermometer approximates a one-dimensional (glass) 
fin with an ariiabatic tip, (3) Convection coefficient is uniform over length of thermometer. 

PROPERTIES: Table AJ, Glass (300 K): k. = 1.4 W/m-K; Table A.4, Air (T f = [15 - 77)°C/2 = 320 
K. 1 atm): k= 0.0278 W/m-K, v = 17.90 x 10 : « m/s 2 , Pr = 0.704. 

ANALYSIS: (a) From the analysis of a one-dimensional fin, see Table 3.4, 



1 



sfa(mL) 



hP 



4h 
k g D 



where P = TtD and A: = itD"/4_ Hence, the immersion error is 
ATj = T (Lj- T x , = ( Tj, - T x )/co sh ( mL) . 

Using the Fhlpert correlation for the circular cylinder in cross flow, 

1/3 



k „ „ m -r, 1/3 
-C Re D Pr 



D 



VD 



:-C — Pr 
D \ v } 

where 



1/3 kPr 



.ni 



-C-V m -D m_1 



N: 



kPr 



1/3 



.m 



(1) 

(2) 

(5) 
(4,5) 



Substituting into Eq. (2), the immersion error is 

AT; (V, D, L) = (T b - I x )/cosh [(4/k, 



1N-V m -D m_ 



where k, is the thermal conductivity of the glass thermometer. 

(b) When the air velocity is 10 m/s, find 

VD 10 m/s x 0.004m „„_ 
Rejj = = — ; — = 2235 



17.9x10" 



raj s 



(6)< 



Continued.. 
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PROBLEM -.59 (t cut.) 

with C = 0.6S3 and m = 0.466 from Table 7.2 for the range 40 < Re D < 4000. From Eqs. (5) and (6). 

VT 0.027SW/m-K(0.704) L ' 3 n ^ ^ m 
N = ^ . ,„ x 0.683 = 2.753 



(l7.9xl0^m/s 2 ) 

f 



0.466 



AT; = (15-77)K/cosh 



|].4W/i 



x 2.753 (10in/s) 0 - 466 (0.004 mf 4 * 56 " 2 



■K 



1/2 



and when ATi = -0.25°C, find 

L= 18.7 mm < 

(c) For the air velocity range 2 to 20 m/s, find 447 < Red < 4470 for winch the previous values of C and m 
of the Hilpert correlation are appropriate. Hence, the immersion error for an insertion length of L = IS. 7 
nun. part (b). find 

ATj = (15 - 77)K/cosh jjj^j — ^ * 2 - 753 * \ 0A56 (0.004m)-1.534j 0.0187 



AT; =-62 0 c/cosh(3.629V 0 - 233 ) 



where the units of V are [m/s] . Entering the above equation into the IHT Workspace the plot shown 
below was generated. 



Y{m/s) 
2 
5 

10 
15 
20 



AT (=C) 
-1.74 
-0 63 
-0.25 
-0.14 
-0.08 



(d) For a given insertion length, the immersion error will increase if the diameter of the thermometer were 
increased. This follows from Eq. (6) written as 



AT, - l/coshj A-D ( - m " 2 V 2 j 



where A is a constant depending on variables other than D. For a given insertion length and air velocity. 
fromEq. (6) 



ATj -l/coshjB-V" 1 / 2 ) 



where B is a constant. From Eq. (7) we see ATj relates to change m diameter as D and to change in 
velocity as \*" Ji . That is, to reduce the immersion error decrease D and increase V (both cause F to 
increase!). Based upon the exponents of each parameter, however, diameter change is the more 
influential. 
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PROBLEM 7.60 



KNOWN: Hot film sensor on a quartz rod maintained at T 4 = 5 (PC. 

FPJD: (a) Compute and plot the convection coefficient as a function of velocity for water, 0.5 < V w < 5 
m/s, and air, 1 < V a < 20 m's with = 20°C and (b) Suitability of using the hot film censor for the two 
fluids based upon Biot number considerations. 

SCHEMATIC: 



V,T BB = 20 °C 




'Waters 0.5*V W *5 m/i 



Qjartz rod, 
D = 1.5 mm 
k = 1.4 W/m-K 

ASSUMPTIONS: (1) Cross-flow over a smooth cylinder, (2) Steady-state conditions, (3) Uniform 
surface temperature. 

PROPERTIES: Table A.6. Water (T f = 308 K, sat liquid): Table A.4. Air (T f = 308 K, 1 arm). 

ANALYSIS: (a) Using the IHT Tool, Coirelations, Cylinder, along with the Properties Tool for Air and 
Water, results were obtained for the convection coefficients as a function of velocity. 



— 



5? 




-j 

E 



12 3 4 
Water velocity, Vw {rrVs} 



I 




5 10 15 

Air velocity, Va (m-'s) 



(b) The Biot number, hD/2k, is the ratio of the internal to external thermal resistances. When Bi » 1, the 
thin film is thermally coupled well to the fluid. When Bi < 1 , significant power from the heater is 
dissipated axially by conduction in the rod. The Biot numbers for the fluids as a function of velocity are 
shown below. 




□ 1 2 3 4 5 0 H 10 IS 2D 

Water velocity V W [mis) Air velocity, Va <m/s) 

We conclude that the sensor is well suited for use with water, but not so for use with air. 

Continued... 
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PROBLEM ".60 (C om.) 



COMMUNIS: A copy of the EHT workspace developed to generate the above plots 1% shown below. 



Si Problem 7.60 



/.■'Correlation Tool: External Flow, Cylinder 

f Correlation description: External cross flow {EFj over cylinder (CY) average coefficient, ReD*Prs-D.2, 
Cnurchi l-Bsrnste n correlation, Eq 7.57. See Table 7.9. V 
j'/Airflow (a) 

NuDbara = NuD_tsar_EF_C Y( ReDa, Pra ) // Ec 7 . -A 

NuDbara = iiDbara ' D/ka 
ReDa = Va ■ D / nua 

// Evaluate properties at the film temperature. Tfa. 
Tf=(Tinf + Ts)/2 
Bia = hDbara * D I (2 * k) 
// Properties Tool: Air 
// Air property functions : From Table A.4 
I! Units: TfK); 1 atm 
nua = nu_T["Air".Tf) 
ka = k_T["Air".Tfj 
Pra = Pr_T{"Air,Tf) 



// Biot number 



// Kinematic viscoty. iWQls 
I! Thermal conductivity, W/m-K 
II Prandtl number 



/■'Water flow (w) 

NuDbarw = Nu □_bar_EF_CY(ReDw,Prw) If Eq 7.54 

NjDbarw = hDba™ * D / kw 
ReDw = Vw " Dl nuw 

// Evaluate pnooerties at the film temperature. Tfw. 
//Trw = (Tinfw + Tsw)/2 

Biw = hCtaarw * D / (2 * k } //Biot number 

// Properties Tool: Water 

// Water proDerty functions :T dependence. From Table A. 6 
// Units: TfK), pfbars); x = quality (0=sa( liquid or 1=sat vapor) 

xi = a 

nuw = nu_Txi'"Water",Tf,xf) // Kinematic viscosity, rr A 2/s 

kit = k_Txi"Water"Jf,xf) II Thermal conductivity, W/m-K 

Prw = Pr_tx{'Water" : Tf,Kf) // Prandtl number 



// Assigned Variables: 

Va = 1 // Air velocity, rn/s; range 1 to 2D nVs 

Vw =0.5 // Water velocity, rn/s; range C.5 to 5 m/s 

k = ' 4 // Thermal conductivity, Wfm.K; quartz rod 

□ = a .0.0 15 // Diameter, m 

Ts = 30 + 273 // Surface temperature, K 

Tint = 2Q -i- 273 It Fluid temperature. K 



f Solve. Explore and Graph: After solving, separate Explore sweeps for 1 <= Va <=20 and 
D.5<= Vw<- 5 rn/s were performed saving results in drerent Data Sets. Fojr separate 
plot windows were generated. *l 
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PROBLEM 7.61 

KNOWN: Diameter, temperature and heat flux of a hot-film sensor. Fluid temperature. Thickness 
and thermal conductivity of deposit. 

FEND: (a) Fluid velocity, (b) Heat flux if sensor is coated by a deposit. 
SCHEMATIC: 

T s . h ,= 22°C 

V,T m =17»C T ro T S , M 

jl >k -W^-W^ * — 9"nf 

Deposit - - 1/h S/k, 

6 = 0.1 mm V>/^ D=1.5mm 
kj = 2 W/m-K 

ASSUMPTION'S: (1) Steady- state, (2) Constant properties. (3) Thickness of hot film sensor is 
negligible, (4) Applicability of Churchill-Bernstein correlation for uniform surface heat flux, (5) 
ReQ <i* 282.000, (6) Deposit may be approximated as a plane layer. 

PROPERTIES: T able A-6, water (T f = 292.5 K) : fc = 0.602 W /m-K, v =1.02x1 0~ 6 m 2 fs, Pr = 7.09. 
ANALYSIS: (a) With Re D « 282,000 and h = qjjf /(t s m -T K ) : Eq. [7.54) reduces to 

— q hf D 0.62 Re}; 2 Pr 1 ''' 3 

Nu D = Wt t ^ °- 3 + r , ,1/4 ^ 

MT^hf-Too) [ U(0 .4/P r ) 2 '" 3n 

Substituting for D, ( T s ^ - ) . k and Pr, 

4.9SxlO~ 4 qf 1 f «0.3+1.15ReQ 2 

or. With Re^ 2 =(D/v f 2 V 1/2 = 38.3 V 1 ' 2 , 

4.98x10^^ s 0.3 + 44. IV 1 ' 2 (2) 
Substimting for q^f , 

V = 0_20m/s < 

(b) For a fixed value of T, ^ , the thermal resistance of the deposit reduces qj^ . From the thermal 
circuit. 



Ts.hf-la 
qfif = 7771 



(l/h) + (<5/k d ) 
Using Eq. (1) to evaluate h : 



Continued 
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PROBLEM 7.61 (Cont.) 



(D + S) 



0.3 + - 



0.62Re^ 2 Pr L/3 



[l + (G.4/Pr) 2/ 



-J/4 



where, with V = 0 . 20 m/s , Rerj = V ( D + 5 ) .*' v = 3 1 4, we obtain 
0.602 W/m-K , 



h s:?- 



Hence. 



0.0016m 



-{20.7} = 7 : 7SOW/m^-K 
5°C 



1.285x10^ + 0.5 ^lO -4 Irn 2 -K/W 



:2.S0xlG 4 W7ni 2 < 



"With the foregoing heat flux applied to the censor and use of the model for Part (a), the sensor would 
indicate a velocity predicted fromEq. (2). or 



■-[(< 



V = J [4.98x1 0^x2.80 <10 4 - 0.3 1 44.1 



= 0.096 m/s 



The error in the velocity measurement is therefore 



%En «- V W- V (b) (100%)= 0 20-0.0% ^ , = f . 



0.20 



COMMENTS: (1) The accuracy-' of the hot- film sensor is strongly influenced by the deposit, and in 
any such application it is important to maintain a clean surface. (2) The Reynolds numbers are much 
less than 282,000 and assumption 5 is valid. 
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PROBLEM 7.62 



KNOWN: Long coated plastic, 20-mm diameter rod. initially at a uniform temperature of Ti = 25°C is 
suddenly exposed to the cross-flow of air at = 350 D C and V = 50 ni-'s. 

FIND: (a) Time for the surface of the rod to reach 175 S C the temperature above which the special 
coating cures, and (b) Compute and plot the time-to-reach 175°C as a function of air velocity for 5 < V < 
50 m/s. 



SCHEMATIC: 



/- 7"(o)= r. = 25°C 
V= 50 mis [ + ] 



Plastic rod, D = 20 mm 



ASSUMPTIONS: (a) One-dimensional, transient conduction in the rod, (2) C onstant properties, and (3) 
Evaluate thermophysical properties at T : - = [(T 5 + Tj)/2 - Tj'2 = [(175 + 25)/2 + 350]°C/2 = 225*C = 500 



PROPERTIES: Rod (Given): p = 2200 kg/m\ c = S0O J/kg-K. k = 1 W/'m-K, a = k'pc = 5.68 >; 10" 
mVs, Table A. 4, Air (T f * 500 K, 1 arm): v = 38.79 x 10" 3 m : /s : k = 0.0407 W/mK, Pr = 0.684. 

ANALYSIS: (a) To determine whether the lumped capacitance method is valid, detemiine the Biot 
number 



Bilc = 



h(ro/2) 



(1) 



Tlie convection coefficient can be estimated using the Churchill-Bernstein correlation, Eq. 7 57. 
— hD 0.62Re^- Pr 1 ' i 



Nu D = = 0.3 + 

k 



a/3 



1/4 



1 + 



Re 



\5/8 



D 



282,000 



l + (0.4/Pr) 

Re D = — = 50 m/s x 0.020m/3 8.79x10^ m 2 /s = 25,780 



0.04O7 w/m-K J 0.62(25, 7SO) 1/2 ( 0.6 84) 



-.1 3 



0.020m 



0.3 



: + 



-i . o -il .■' 4 

(0.4/0.684) 



25, 780 
282,000 



; s 



t4/5 



= 184W/nr-K(2) 



Substituting for h from Eq. (2) into Eq. (1), find 

Bit = 1 84 w/ m 2 - K (0.0 1 0m/2)/l W/m ■ K = 0.92 » 0.1 

Hence, the lumped capacitance method is inappropriate. Using the one-tenn series approximation. 

Section 5.6.2, Eqs. 5.49 with Table 5 1, 

9 = C, exp (-^Fo) J 0 (dr* ] r* = r/r 0 = 1 



T|i c .:i-7 C (175-350} C C 



= 0.54 



T i- T ^ (25-350)° C 
Bi = hr 0 /k = 1.84 C\ =1.546 rad 



Ci=1.31S 



Continued... 
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PROBLEM 1.62 (four.) 

0.54 = 1.31Sesp[-(1.546rad) 2 Fo]J B (1.54l5 x 1) 
Using Table B.4 to evaluate J„(1.546) = 0.4859, find Fo = 0.0725 where 



Fo=^= 56Sxl0 " 7m ^ >!t °=5.6S<10- 3 t, 



v. 



(0.010m) 2 



tn=i: 



(6) 

< 



(b) Using the IHT Model, Transient Conduction., Cylinder, and the Toot, Coirelations. External Flow, 
Cylinder, results for the time-to-reach a surface temperature of 175°C as a function of air velocity V are 
plotted below. 




20 M 



COMMENTS: (1) Using the IHT Tool Correlations, External Flow, Cylinder, the effect of the film 
temperature T ; - on the estimated convection coefficient with V= 50 m/s can be readily evaluated. 



T f (K) 

h (W/m 2 K) 



460 

187 



500 
184 



623 
176 



At early times, h = 184 \V7m~K is a good estimate, while as the cylinder temperature approaches the 
airsteam temperature, the effect starts to be noticeable (lGI-is decrease). 



(2) The IHT analysis performed for part (b) was developed in two parts. Using a known value for h. the 
Transient Conduction, Cylinder Model was tested. Separately, the Correlation Tools was assembled and 
tested. Then, the two files were merged to give the workspace for determining the time-to-reach 175X a* 
a function of velocity V. 
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PROBLEM ".63 



KNOWN: Velocity, diameter, initial teinperature and properties of extruded wire. Temperature and 
velocity of air. Temperature of surroundings. 

FEND: (a) Differential equation for temperature distribution T(x), (b) Exact solution for negligible 
radiation and corresponding value of temperature at prescribed length of wire, (c) Effect of radiation 
on temperature of wire at prescribed length. Effect of wire velocity and emissivity on temperature 
distribution. 

SCHEMATIC: 

D = b nm 

i , ^ L, , % T sl 

t> V= = 0.2 m/s 




T ro =25"C 
V = 5 m/s 



ASSUMPTIONS : (1) Negligible variation of wire temperature in radial direction, (2) Negligible 
effect of axial conduction along the wire. (3) Constant properties, (4) Radiation exchange between 
small surface and large enclosure. (5) Motion of wire has a negligible effect on the convection 
coefficient (V e « V). 

PROPERTIES: Prescribed. Copper: p = 5900 kg/ m 3 , c p =400 J/ kg -K, s = 0.55. Air: 
k = 0.037 W .■' m ■ K, i< = 3 x 10 _5 ni 2 / s : Pr = 0.60. 

ANALYSIS: (a) Applying conservation of energy to a stationary control surface, through which the 
wire moves, steady- state conditions exist and E^ -E out =0. Hence, with inflow due to advecfion and 
outflow due to advection, convection and radiation, 

pV e A c c p T - pV e A c c p f T - dT ) - dq conv - dq ra[ | = 0 

-p\' s ( ;7D 2 / 4 1 CpdT - ,rDdx j h ( T - T K , ) + sa ( T 4 - T 4 ^ j = 0 

)i 



dT 



CD < 



h(T-T^) + «r(r f -T£ UI 
dx /'V e D Cp L \ 

Alternatively, if the control surface is fixed to the wire, conditions are transient and the energy balance 



is of the fomi -E, 



01" 



-ttT> dx 

dT 

"dT 



h(T-T K )+^(T 4 -T s t ir ) 



-P 



■ 



dx 



dT 

dT 



pD c, 



h(T-T x )+^(T 4 -4 r ) 



Dividing tlie left- and right-hand sides of the equation by dx'dt and V e = dx/ dr. respectively. Eq. (1) 
is obtained. 

(b) Neglecting radiation, separating variables and integrating. Eq. (1) becomes 



j 



T dT 



4h 



Tj T - T K , pV e Dc p -'0 



dx 



Continued 
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PROBLEM 7.63 (Cant.) 



mi T - T * 



4hx 



T = T 00 +(T 1 -T QO )exp 



4hx 



(2) < 



"With Rje D = VD iv = 5 m /s x 0.005 m/ 3 x 10 5 m 2 / s = 833, the Churchill-Bernstein correlation yields 

-4/5 



Nuj-j =0.3 + 



1 ;' n 1 ft 

0.62(833) (0.69) 



1 + (0.4/0.69) 



2/3 



1/4 



1 + 



f B33 ^5/8 



1,282, 000 , 



= 144 



- k— 0.037 W/m ■ K., , .„___. 2 „ 
h= — Nu n = 14.4 = 107 W /m -K 



D 



0.005m 



Hence, applying Eq. (2) at x = L, 
T 0 =25°C + (575°C)exp 



4x107 W/ra- Kx 5m 



1 



^ 8900 kg / m i x 0.2 m / s x 0.005m x 400 J / kg 



T o =340°C < 

(c) Using the DER function of IHT, Eq. (1) may be numerically integrated from x = 0tox = L = 5.0m 
to obtain 

T o =309°C < 
Hence, radiation makes a discemable contribution to cooling of the wire. EHT was also used to obtain 
the following distributions. 



600 




12 3 4 

Di: lance Iron srtiuc er sat Mm ; 

■ Ve=0.5 m/5 
* Ve=0.2 n;5 
- Ve=0.1 n;5 




12 3 4 

Distance Iron Erfrucer SMt Mm; 

-epE=D.£ 
* eps =£>.bb 
-ep;=L 



The speed with which the wire is drawn from the extruder lias a significant influence on the 
temperature distribution. The temperature decay decreases with increasing V e due to the increasing 
effect of advection on energy transfer in the x direction. The effect of the surface emissivity is less 
pronounced although, as expected, the temperature decay becomes more pronounced with increasing 

s. 

COMMENTS: (1) A critical parameter in wire extrusion processes is the coiling temperature, that is : : 
the temperature at which the wire maybe safely coiled for subsequent storage or shipment. The larger 
the production rate (V e ). the longer the cooling distance needed to achieve a desired coiling 
temperature. (2) Cooling may be enhanced by increasing the cross-flow velocity, and the specific 
effect of V may also be explored. 
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PROBLEM 7,64 



KNOWN: Experimental apparatus comprised of a flat plate subjected to an airstream in parallel flow. 
Electrical patch heater on backside dissipates 15.5 W for all conditions. P111 fnis fabricated from brass 
with prescribed diameter and length can be firmly attached to the plate. Fin tip and base temperatures 
observed for five different configurations (N, number of fms). 

FIND: (a) The thermal resistance between the plate and airstream for the five configurations, (b) Model 
of the plate- fm system using appropriate convection correlations to predict the thennal resistances for the 
five configurations; compare predictions and observations: explain differences, and (b) Predict thermal 
resistances when the airsTreani"velociry is doubled. 

SCHEMATIC: 

D = 4.8 mm U H 




Experimental observations: 



K 


(°C) 


T 5 (°C) 


(i 




70.2 


1 


40. o" 


67.4 


: 


39.5 


64.7 


5 


36.4 


57.4 


S 


34.: 


52.1 



ASSUMPTIONS: (1) Steady-state conditions. (2) Negligible effect of flow interactions between pins, 
(3) Negligible radiation exchange with surroundings, (4} All hearer power is transferred to airstream and 
(5) Constant properties. 

PROPERTIES: Table A.4, Air (T : - = 3 1 0 K. 1 atm): k - 0.0270 W/mK, v = 1 .69 x 10" 5 m 2 /s, Pr = 
0.706; Table A. I, Brass (T = 300 K): k = 1 10 W/m-K. 



Rtot=^^ CD 



ANALYSIS: (a) The thennal resistance between the plate and the airstream is defined as 
T.-T, 

not 

q 

The heat rate is 1 5 .5 W for all configurations and using T^ values from the above table with T^ = 20 i C. 
find 

Continued.. 
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PROBLEM 7.64 (t out.) 

N 0 12 5 8 

Rm(K/W) 3.24 3.06 2.88 2.41 2.07 < 
(b) The thermal resi stance of the pLite-fin system can be expressed as 

Rtot=[l/ R base + N/Rfinr 1 (2) 
where the thermal resistance of the exposed portion of the base, A,, is 

R base = r~T P) 

A b = A s -NA c (4) 

where A< is the cross -sectional area of a fin and A 5 is the plate surface area. Approximating the airstream 
over the plate as parallel flow over a plate, use the IHT Correlation Tool. Externa! Flaw, Fiat Plate 
assuming the flow is turbulated by the leading edge, to find 

h b =51w/ni 2 K. 

From the experimental observation with no fins (N= 0). the convection coefficient was measured as 

Hrxs=^—^ — ^ T = 5 = 460W/m K 

A S (T & -T. X ) (o.0259m)- (70.2-20)° C 

Since the predicted coefficient is nearly an order of magnitude lower, we chose to use the experimental 
value in our subsequent analyses to predict overall system thermal resistance. 

Approximating the airstream over a pin fin as cross-fk>w r over a cylinder, use Hie IHT Correlation Tool, 
Externa! Flow. Cylinder to find 



h fin =118w/m 2 K. 



Using the IHT Extended Surface Model for the Rectangular Pin Fin (Temperature Distribution and Heat 
Rate) with a convection tip condition, the following fin thermal resistance was found as 

Rfin =25.4K/W 

Using the foregoing values for and h b , the thermal resistances of the plate-fin system are tabulated 
below. 



N 


0 


1 


2 


4 


8 


IWCKAV) 


3.241 


3.331 


3.426 


3.746 


4.133 


R fiD (K/W) 




25.4 


12.7 


5.08 


3.18 


(K/W) 


3.24 


2.95 


2.70 


2.16 


1.80 



By comparison with the experimental results of part (a), note that we assured agreement for the N — 0 
condition by using the measured rather than estimated (correlation) convection coefficient. The predicted 
thermal resistances are systematically lower than the experimental values, with the worst case (N = S) 
being 13% lower. 
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PROBLEM -.64 (font.) 

(c) The effect of doubling the velocity, from u x = 6 to 12 m's, will cause the fin convection coefficient to 
increase from hf^ = 118 to 169 W/trrK. For the base convection coefficient, we'll assume the flow is 
— OS 

fully turbulent so that h — (u, x ) " according to Eq. 7.38, hence 

h b (1 2 rn/s) = h h {6 m/s) | y j =460 w/ tn 2 ■ K (2 )°" 8 = E00 w/ m 2 ■ K 
Using the same procedure as above, find 



N 

Rb aii (K/W) 
RfiL (KAY) 
R, ot (K/W) 



0 

1.863 
1.86 



1 

1.915 
IBM 
1.74 



2 

1.970 
9.480 
1.63 



4 

2.154 
4.740 
1.4E 



8 

2.376 
2.370 
1.19 



The effect of doubling the airstream. velocity is to reduce the thermal resistance by approximately 35%. 
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PROBLEM -.65 



KNOWN: Dimensions of aluminum heat sink and enclosure on which it sits. Temperature of air flow 
normal to one face of heat sink. Power dissipation within enclosure. 

FIND: Air velocity needed to maintain specified temperature. 

SCHEMATIC: t = 10mm— *| |< M h 5 = 18 mm 



Lf - 50 mm 



L b = ID mm 
L^= 10 mm 




EiidDBure 
q = P ctI = 7DW 



T s = 70°C 



AS SUMPTIONS : (1) Convection coefficients on surfaces 2 and 3 are for flow past a flat plate. (2) 
Convection coefficient on surface 1 is for a noncircular cylinder in cross flow, (3) Negligible hear 
transfer from back surface (to left above). (4) All the electric power is dissipated by the heat sink (5) 
Fin surfaces are isothermal at base temperature. 

PROPERTIES: Given. Aluminum; k, E = ISO W''mK. Air: k, = 0.027 W/m-K v a = 16.4 x 10" 6 mv's, 
Pi 3 = 0.706. 



ANALYSIS: We analyze each surface separately. 

Surface 1. We use Equation 7.52 with C and m taken from Table 7.3 and D; = L e + Lt + Lf = 70 mm. 
Thus 

h = ^(0.228 ReJ 731 Pr^) 
where Rej = u^DjA^ 

and then, neglecting heat loss from the enclosure, 



q, = IiiA](T b - T^} = h](Xt - L f ) w, (T t - T„) = C ]t i 



073] 



where 



Cj = ^0.22SC^)^ ] Pif (L b +L f > w, (T b -T E ) 
D; v a 

0.027 W/m K 



0.07 m 
= 10.6W- S °- 731 /m 0 - 731 



x 0.228 x( 



°J?Zi^_)°-™ x(0.706) L '^ 0.0(5 m x 0.1 m x (70°C - 20°C) 

16.4 x HT 6 m 2 /s) 



Surface 2. We use Equation 7.3 1 again assuming the flow is laminar, with x= w;. 
h 3 = ^-(0.664 Rej" Pr^) 



Continued. 
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PROBLEM 7.65 (Coiit.) 



where Re 2 = u^Wj/v., 

and then q 2 = h 2 A 2 (T b - T E ) = h 2 2L b Wl (T b - T m ) = cW* 
where 

C 2 = -^0.664(^) L ' 2 Pr a 1/3 2L b Wl (T b -T^) 

= 0 027 Uvm K x 0.664 x( - ) L ' 2 x (0.706) 1/3 x 2 x 0.01 m x 0.1 m x (70°C - 20°C) 

0.1m 16.4x 10" e m^/s) 

Surface 3. We use Equation 7.31 again, assuming the flow is laminar and the boundary layers restart 
on each leading edge. We have x — t so 

h 3 = ^- (0.664 Ref Pr, 1 *) 



where Rej = u^f/v, 



l : 



and then q 3 = h 3 A 3 (T b - T^) = h 3 fit (2L f + w 3 ) (T b - T^) = C 3 i£ 
where 

C , = k 0 .664(— f 1 Pif 6t(2L f + w 2 ) (T b -TJ 

= x 0.664 x f — . — Y - x (0.706) 1J x 6 x 0.01 m 

0.01m 16.4 x 1Q- 6 m 2 /s) 

x (2 x 0.05 m + 0.1m)« (70°C - 2G°C) 
= 23.7W-s lfl /m 1 ' 2 
Now q= q L + q: + qi = C^ m - (C 2 + C 3 ) u^ 2 = 70 W 
Solving this implicit equation for u« yields 

= 3.26 m/s < 
We now check tliat the Reynolds numbers are in the proper range. 

Rfi! = u^Dj/v, = 3.26 nr's x 0.07 m'16.4 * 10" 6 m 2 /s = 1.39 * io 4 
This is in the correct range m Table 7.3. 

Re 2 = u^/v, = 3.26 m/s * 0.1 m'16.4 x [<y* m 2 .\ = 1.99 * 10 4 
which is laminar as assumed. 

Re 3 =u 3t: t ; v a = 1.99 x 10 3 
which is laminar as assumed. 

CQjVDEEXTS: (1) Of the 70 W dissipated through the heat sink, 25 W are dissipated from surface 1, 
2 W from surface 2, and 43 W from surface 3 . The fin tips and sides are subj ect to high heat transfer 
coefficients because the boundary layer restarts on each leading edge. (2) Since we have neglected 
heat transfer from the inner surfaces of the heat sink, the fins are not behaving as fins but simply as 
conductors. We can estimate the temperature drop along the fin by equating the heat conducting along 
it to the heat leaving the tip by convection: kh 5 (T b - TJ/Lf = h 3 (T n - T„). The result is T, = 69°C. 
Therefore the assumption of isothermal fins was reasonable. (3) In reality, the flow m this 
configuration is very complex and the wise engineer would perform experiments or use a 
computational fluid dynamics code to assess the thermal performance of the heat sink. (4) Heat sinks 
equipped with pin fins are often preferred since they-' exhibit less sensitivity to the direction of Sow of 
the coolant. 
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PROBLEM 7,66 



KNOWN: Temperature and velocity of air flow over a sphere of prescribed surface temperature and 
diameter. 

FIND: (a) Drag force, (b) Heat transfer rate with air velocity of 25 m/s; and (c) Compute and plot the 
heat rate as a function of air velocity for the range 1 < V < 25 m/s. 



SCHEMATIC: 



r„= 25 °c 
V = 25 m/s 




D=0.01 m 



T s = 75 °C 
* F 



ASSUMPTIONS: (1) Steady- state conditions. (2) Uniform surface temperature. (3) Negligible radiation 
exchange with surroundings. 

PROPERTIES: Table AA, Air (T x = 298 K 7 1 atm): n = 184 x 1<T N-s'ra : ; v = 15.71 x 10' 6 m 2 ,% k = 
0.0261 W/m-K Pr = 0.71: (T s = 343 K): u. = 208 x 10" ' Ns/m 3 ; [Tf = 323 K): v = 1S.2 x 10" 6 m 2 /s ; p = 
1.085 kg/m 5 . 

ANALYSIS : (a) Working with properties evaluated at Tf 

VD 25m/s(G.Qlm) 4 

Re D = — = . 1 =L37xl0 4 

y 18.2x10^ m 2 /s 

and from Fig. 7.8. find Co * 0.4. Hence 

Fd = C D ( jtD 2 /V) f p\' 2 /2) =0.4 [V/4) ( 0.0 1 m ) 2 1 .085 kg/m 3 (25 m/s) 2 fl = 0.01 1 N < 

fb) With 

VD 25 m/s (0.01m) 4 
l/ 15.71x10"° m7s 
it follows from the Whitaker relation that 

Nud=2 + 



-[o.4Re^ 



1 ' 2 +0.06Re5''' 3 







Pr 0 - 4 









Nud=2 + 



/ a\ 112 ( A\ 2f3 

0.4 [ 1.59 <10 4 ] +0.06jl.59xl0 4 ) 



(0.71) 



0.4 1 184 

208 



1/4 



= 76.7 



Hence, the convection coefficient and convection heat rate are 

- — k 0.0261 W/m-K 2v 

h = Nud — = 76.7 i = 200 \\/m -K 

D 0.01m ' 

q = LtD 2 (% - T x ) = 200 w/ m 2 - K x ^-(0.01 m) 2 (75 - 25)° C = 3 . 14 W < 

Continued... 
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PROBLEM 7.66 (Ccur.) 



(c) Using the IHT Correlation Tool. External Flow, Sphere, the average coefficient and hear rate were 
calculated and are plotted below. 




: -| 1 1 1 1 

0 : 1D If 2D 25 

Airirelccly, Vfrr.'s; 



CO!\DiENTS: (1) A copy of the IHT Workspace used to generate the above plot is shown below. 



//Correlation Tool - External Flow, Sphere: 
NuDbar = NuL_bar_EF_SP(ReD,Pr,mu,mus) // Eq 7.56 
MuDbar = hbsr l Oik 
ReD = V * D I nu 

f* Evaluate properties at Tinf and the surface temperature. Ts. */ 



f* Correlation description: External flow (EF) over a sphere (SP), average coefficient, 3.5<ReC-=7.Sx1 DM, 
0.71<Pr<38u, 1.0<(mutoius)<3.2, Whitaker correlation, Eq7.&6. See Table 7.9. V 



IS Properties Tool - Air: 
// Air property functions : From 
// Units: T(K}; 1 atm pressure 
mu - rmj_T("Air",Tinf) 
mus = rnu_T( 'Air",Ts) 
nu = nu_T("Air",Tinf) 
k = kJT'AifJinf) 
Pr = Pl_T<"Air",Tinf) 



A.4 

II Viscosity, M-sJnr , 2 
//Viscosity, M-3/nT2 
II Kinematic viscosity, m*2/s 
// Thermal conductivity, W/m-K 
// Prandtl number 



// Heat Rate Equation: 

q =hbai"pi'D''2"(Ts-Tinf) 

// Assi gned Variabl es : 

□ = a.ai 

Ts = 75 -i- 273 

V = 25 

Tinf = 25 + 273 



// Sphere diameter, m 
//Surface temperature, K 
// Airstream ve ocity, nVs 
// Airstream temperature. K 
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PROBLEM 7.67 

KNOWN: Sphere with a diameter of 20 mm and a surface temperature of 60°C that is immersed in a 
fluid at a temperature of 30°C with a velocity of" 2.5 m/s. 

FIND: The drag force and the heat rate when the fluid is (a) water and (b) air at atmospheric pressure. 
Explain why the results for the two fluids are so different. 



SCHEMATIC: 



Water q CT> w * __ / — Sphere 

X T S = 60°C 

D = 20 mm 



\ 



T m =30oC , > 

V = 2.5 m/s > \ j F D _ W or pQ a 



q. 



cv.a 



ASSUMPTIONS: ( I ) Flow over a smooth sphere, (2) Constant properties, 

PROPERTIES: Table A-6, Water (T„ = 30°C = 303 K): u = 8.034 x I0" 4 N am 2 , v = 8.068 x 1 0" 7 
m 2 /s, k = 0.6172 W/m-K, Pr - 5.45: Water <T S - 333 K): u s - 4.674 x 10" 4 N-s/m 2 : Table A-4, Air 
(To, = 30°C = 303 K, 1 atm ): p. = 1 .86 x lO" 5 N-s/m 2 . v = 1 .619 x 1 0~ 5 mis, k = 0.0265 W/m-K. Pr = 
0.707: Air (Too = 333 K): u s = 2.002 x 10" 5 N-s/m 2 . 

ANALYSIS: The drag force, F t „ for the sphere is determined from the drag coefficient, Eq. 7.50, 

c„— 



■ ° ~ — / — ~> — \ 



where A t -= 7tD74 is the frontal area. C u is a function of the Reynolds number Re[j = VD/v 
as represented in Figure 7.8. For the convection rate equation, 
q = h D A s (T s -T 03 ) 

where A,, = nD~ is the surface area and the convection coefficient is estimated using the Whitaker 
correlation. Eq, 7.56, 

Nu~ u =2 + [().4Rc 1 n ; 2 + ().06Rc2 ) /3 ]pr a4 (^/ / / s ) l/4 

where all properties except li s are evaluated at J r . For convenience wc will evaluate properties 
required for the drag force at J- A . The results of the analyses for the two fluids are tabulated below. 

Fluid Re D C D F D (N} Nu D h D (w/m 2 k) q(W) 

water 6.198 x H) 4 0.5 0.489 439 13,540 510 

air 3.088 x10"' 0.4 0.452 x10""* 31.9 42.3 1.59 

-4 ~> -12 

The frontal and surface areas, respectively, are Af= 3,142 x 10 m and A,, = 1.257 x 10 m , 

COMMENTS: The Reynolds number is the ratio of inertia to viscous forces. We associate higher 
viscous shear and heat transfer with larger Reynolds numbers. The drag force also depends upon the 
fluid density, which further explains why F[> for water is much larger, by a factor of 1000. than for air, 

Nuq is dependent upon Rejj where n is 1/2 to 2/3, and represents the dimensionless temperature 
gradient at the surface. Since the thermal conductivity of water is nearly 20 times that of air, we 
expect a significant difference between hp and q for the two fluids. 
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PROBLEM 7.68 



KNOWN; Conditions associated with airflow over a spherical light bulb of prescribed 
diameter and surface temperature. 

FIND: I leal loss by convection. 

SCHEMATIC: 

<2^} = 0. OSm 

v = a Sm/s f?V— T - '** 0X 

T m -~Z5'C » \/*-\ SO-Wbulb, 



ASSUMPTIONS: ( 1 ) Steady-state conditions. (2) Uniform surface temperature. 

PROPERTIES: Table A -4, Ah (7^ = 25°C, I atm): v= 15.71 x I0" 6 m 2 /s, k = 0.0261 
W/m-K,Pr-0.71,u = 183.6 x IO" ? N-s/m 2 ; Table Air (T s = 14f)%\ 1 atm): u~ 235.5 
xlO" 7 N-s/m 2 . 

ANALYSIS: The heat rate by convection is 
q = h(*D 2 ) (Ts-Tco) 

where h may be estimated from the Whitaker relation 

h = -|~2 + (0.4 Re[^ 2 + 0.06 Reg' 3 ) Pr 0 ' 4 (///^ ) 

where 



1/4 



VD 0.5 m/sx 0.05 m 
Re D = = =1591. 

" 15.71x 10 _t> nT /s 



1 lence, 

r 0.0261 W/m-K 

h = 

0,05 m 

h = ll.4 W/m 2 -K 

and the heat rate is 

W 



2 + 



0.4{l59l) 1/2 +0.06(l59l) 2/3 ] (0J\f A {^J* 



q = H.4 .. 

nT-K 



^(O.OSmf (140-25)° C = 10.3 W. 



COMMENTS: (1 ) The low value of h suggests that heat transfer by free convection may be 
significant and hence that the total loss by convection exceeds 10.3 W. 

(2) The surface of the bulb also dissipates heat to the surrounding by radiation. Further, in an 
actual light bulb, there is also heat loss by conduction through the socket. 
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PROBLEM 7.69 

KNOWN: Diameter, properties and initial temperature of niobium sphere. Velocity and temperature 
of nitrogen. Temperature of surroundings, 

FIND: (a) Time for sphere to cool to prescribed temperature if radiation is neglected, (b) Cooling 
time if radiation is considered. Effect of flow velocity. 

SCHEMATIC: 



([_ Nitrogen^; > 



V = 5 m/s 



) 



Niobium sphere, D = 10 mm 
T = 900 n C, T f = 30Q°C 

p - B600 kqim 3 c = 290 Jlkg-K 
k = &3 Wm-K L - 0.6 



ASSUMPTIONS : (1) Lumped capacitance method is valid, (2) Constant properties. (3) Radiation 
exchange with large surroundings. 

PROPERTIES: Table A-4, nitrogen (T^ = 2SWK) : ft = 177x 1Q _; N-s .'m 2 = v = 15.7 xW" 6 !* 2 /s, 
k = 0.0257 W / m - K. Pr = 0.716. Table A-4, nitrogen (T s = S73K) : fi s = 368 x 10" 7 N ■ s i m 2 . 
ANALYSIS: (a) Neglecting radiation, the cooling time may be determined fromEq. (5.5), 



t = 



1i,tD~ 



m^ = ^£ln Tl - T - 



6 6h T f -T a 



The convection coefficient is obtained from the Whitaker correlation with Rf p = VD/ v 
= 5m/sx0.01niyi5.7xl0 _6 m 2 ,'s = 31B5. Hence, 

Nu D = (hb / k) = 2 4- ( 0.4 Rej^ 2 ^ 0.06 Reg 3 ] Pr 0 " 4 ( ft i ^ f 4 



0.0157 W/ in K 
0.01m 



2 + 



i 0.4 ( 3 1 8: y : - 0.0(5 (31S5) 2 " J ( 0.7 1 G) 04 \—-\ j = 71.S W ,< m 2 -K 



8600 kg / m 3 x 290 J / kg ■ K x 0.0 lm . (900-25) „ 
t = 21 In- =6 i s 



< 



6x71.SW/m z K 



(300-25) 



(b) If the effect of radiation is considered, die cooling time can be obtained by integrating Eq. (5.15). 
With A s I V = zrD~ i | a-D 3 / S j = 6 ;' D. the appropriate form of the equation is 



Using the DEE. function of EHT to integrate dus equation over the limits from Tj = 1 173 K to 
Tf =573K. we obtain 



t = 4Ss 



Continued 
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PROBLEM 7.69 (Cont) 



For V =1.0 and 25.0 m/s, die cooling time* .ire t t SO and 24 respectively. Temperature histories 
for the three velocities are shown below. 




D ID 20 3D U SO ED 7D 10 
Tirie.t(s) 

— M— C re's 
— •— V=5.0mfe 
• V=25j0 mfe 

COMMENTS: The cooling time is significantly affected by the flow velocity. 
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PROBLEM 7.70 

KNOWN": An underwater instrument pod having a spherical shape with a diameter of 85 mm 
dissipating 300 W. 

FEND: Estimate the surface temperature of the pod for these conditions: (a) when submersed in a bay 
where the water temperature is 1 5 G C and the current is 1 m/s, and (b) after being hauled out of the 
water without deactivating the power and suspended m the ambient where the air temperature is 15°C 
and the wind speed is 3 mis. 

SCHEMATIC 



. Water 




V = 1 mis 



Instrument pod 

D = 85 mm 



P e = 3Q0 W 




V = 3 m/s 



ASSUMPTIONS: (1) Steady-state conditions, (2) Flow over a smooth sphere, (3) Uniform surface 
temperatures, (4) Negligible radiation heat transfer for air (a) condition, and (5) Constant properties. 

-6 



15=C = 28 S K): yi = 0.001053 N-s/m , v = 1.139 x 10" 

-5 . 



PROPERTIES: Table A-6. Water (T s 

m 2 's, k = 0.594S W/m-K, Pr = 8.06; Table A-4, Air (T* = 288 K, 1 atm): ,u = 1 .788 >: 1 0" N-s/m", v -■ 
1.4S2 >; 10° nVVs, k = 0.02534 W/m-K, Pr = 0.710 ; Air (T 3 = 945 K): ^ = 4.099 x 10" 5 N-s/m 2 . 

ANALYSIS: The energy balance for the submersed- in -water (w) and suspended-m-air (a) conditions 
are represented in the schematics above and have the form 

E in - E out + E gen = "lev + P e = 0 C 1 ) 

-h D A s (T s -T x ,) + P e =0 

where A% = xD~ and hrj is estimated using die Whitaker correlation, Eq. 7.56, 



N» D =2 + 



0.4Re^ 2 +0.06Ref/ 3 



1/4 



w r here all properties except ,u s are evaluated at T x . Hie results are tabulated below. 



[2: 



Condition 



ReD 



Nu 



(W.W-K) 



T 5 
( ; C) 



(w) water 
(a) air 



7.465 x 10 
1.72 x 10 4 



499 
67.5 



3491 
20.1 



ls.a 

672 



COMMENTS: (1) While submerged and dissipating 300 W. the pod is safely opera tmg at a 
temperature slightly above that of the water. When hauled from the water and suspended in air. the 
pod temperature increases to a destruction temperature (672 3 C). The pod sets smoked! 

(2) The assumption that f.i/u s ^ 1 is appropriate for the water (w) condition. For the air (a) condition. 

u/'H, =0.436 and the final term of the correlation is significant. Recognize that radiation exchange 
with the surroundings for the air condition should be considered for an unproved estimate. 



Continued . 
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PROBLEM 7.70 (Coiit.) 



(3) Why such a difference in T 3 for the water (w) and air (a) conditions? From the results table note 
that the Rer> Niirj. and hrj are. respectively. 4x, 7x and 170x times larger for water compared to air. 
Water, because of its thermophysical properties which drive the magnitude of hp, is a imich better 
coolant than air for similar flow conditions. 



."Comment: Bee a use Ts is rnu ch larger than Tint for the in-air operation, the ratio of mu I mus 
exceeds tne limits for the correlation. Hence a warning message comes with the I HT solution. */ 



." Results - operation in air 

As NuDbar Pr ReD Tlnf Ts Ts_C 

mus nu C Pelec Tinf_C V 

0.0227 57.5 D.7101 1.72E4 2flfl 944.A 671.8 20.12 102534 L7B6E-5 

4.099E-5 1.4B2E-5 D.0S5 300 15 3 *l 



Correlation, sphere 

NuDbar = NjL._bar_EF_SP{ReD.Pr ; mu,mus) !! Eq 7.56 
NuDbar = hilar" D! k 
ReD = V * D / nu 

y* All properties except mus are evaluated at Tinf. *l 

!'■ Correlation description: External flow (EF) over a sphere (SP), average coefficient, 
3.S-=ReD<7.6x1u fl 4.u.71*Fr<:380 : 1 .D<:(n'j/mus)<3.2 Whita<;ercorTeation : Eq 7.5S, See Table 7.S. V 



II Energy balance- 

Pelec - hbar * As * (Ts - Tinf) = 0 
As = pi * D*2 

Input variables 

D = 00B5 

■■■ = ■ D //Water current 

V = 3 ll Wind speed 

Tinf_C = 15 
Pelec = 300 



II Conversions 
Tinf = Tinf_C + 273 
Ts = Ts_C + 273 



Air property functions : From Table A. 4 
II Units: T{K); 1 atrn press jre 
rnu = mu_Tf Air, Tinf) II Viscosity, N s/m A 2 
mus = mu_T{"Air-,Ts) //Viscosity, lls/n-*2 
// mus = mu 

nu = nu_T( ' Air". Tinf) // Kinematic viscosity, ni*2/s 
k = t_T< 'Air" Tinf) II Thermal conductivity, W/m-K 

Pr = Pr_T("Air : Tinf) // Prandtl number 
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PROBLEM 7.71 



KNOWN: Method to manufacture small diameter lead solder balk. Properties of D = 130 urn 
diameter particles ejected into nitrogen gas at V = 2 m/s. Nitrogen temperature and pressure, 
initial particle temperature. Piezoelectric device oscillation frequency. 

FIND: (a) Terminal velocity of the droplets and distance traveled when a droplet completely 
solidifies, (b) Separation distance between di"oplets and pot size needed to produce solder balls 
continuously for one week. 



ASSUMPTIONS: (1) Negligible radiation heat transfer, (2) lumped capacitance thermal 
response. 

PROPERTIES: Table A.4, Nitrogen: (T f rh (Ti + Tj/2 = (225 3 C + 30 °C)/2 = 127.5 °C * 400 
K): p = 0.S425 kg/rri 5 , v = 26.16 x 10" e m 2 /s. (T, = {225°C + 183 3 C)/2 = 205°C = 477 K: p, = 24S 

x 10" 7 N-s/m~. (T. = 30 3 C = 303 K): p = 1.1233 kg'nr 5 , v = 15.86 x 10"' nvVs. k = 0.0259 W/m-K 
li = 17S x 10" 7 N-s/m 2 = Pr = 0.716. 

ANALYSIS: 

(a) A force balance on the particle yields 



SCHEMATIC: 



0^= 130 |mh 




= B230 kgrtn 5 
k p = 38 WAriK 
T f = 1fl3°C 



Lead 



V. T m = 20PC 
Htm gen 



F n =mg = 7 r(D ? /2) 2 C D p f V 2 /2 



Which may be rearranged to yield 




I 

C D = - x 130 * I0" e m * (8230/0.8425) x 9.8m/s 2 /V 2 
C D = (l(S.5W/s 2 )/V- 



0) 



and 



Continued... 
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PROBLIM7.71 (Cant.) 

Rje 3 = L = Vx 130 x 10"* m/26.16 x 10^ nr/s 

v 

Ret =(4.97s J ''m)xV (2) 

Equations 1 and 2 may be solved for Cd and Re; for any value of V. The resulting values of Co 
and Ken must be consistent with the results of Figure 7.&. 

A trial-and-enor solution yields V= 2.03 m/s, Cd = 4.03, Reo = 10.09 from solution of Equations 
1 and 2. From Figure 7.8, at Reu = L0, C D = 4. Therefore V = 2 mis < 

We note that the terminal velocity is identical to the injection velocity. Hence, the panicles travel 
at constant velocity. The particle cooling process occurs in two steps. 

Step Que: Particle cooling to T f = 183°C. 

With nitrogen properties evaluated at T K = 30 3 C. the Reynolds number is 
2m/ S xI30x^ m = i ^ 9 

15.S6* 10" 6 m 2 /s 
The Wlutaker correlation yields 

Nu D =2+[o.4Vl6-39 + 0.06 * 16.39 1 ' 3 ] x 0.716 04 x j __ | = 3.62 
Therefore 

h n = Nu D k/D p = 3.62 x 0.0259 W/m-K/130 x 10 4 m = 721 W/m 2 -K 
Using Equation 5.6 with A 3 = 4jt(D/2) 2 = 4 x n * (130 * 10" 6 m/2) 2 = 53.1 x lfy 9 m 2 , 
V = (4/3) n (D/2) 3 = (4/3) x ji x (130 * 10" 6 m/2) 3 = 1.15 k 10" 12 m 3 , 

T - T E 183 - 30 _ _ 721 W/m 2 ■ K x 53.1 x 10" 9 m 2 



= 0.785 =exp - - 



Ti - T c 225 - 30 * [ 1 8330 k S/ m3 * 1- 15 x 10" 12 m 3 * 240 Xkg -K ' 

from which 

t] = 14.3 x 10" 3 s 

Step Two: Particle solidification at Tf = 183°C. 
An energy balance on the particle during solidification yields 



or 



-Vppluf -hA(T f -T^j 

or 

1.15 x 10" 12 in 3 x S230 kgin 3 x 42.000 J/kg , 

t 2 = s 1 — , : — = 67.6 * 10 5 s 

721 W/m J ■ K x 53.1 x lQ" y m"x (183 - 30)°C 

Therefore, the time to completely solidify is 



Continued. 
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PROBLEM 7.71 (t aut.) 



T = t, + h = 14.3 x 10" 3 s + 67.6 x 10" s = 82 x 10 3 s 



< 



(b) The distance that one particle travels is 
~L = {2 mfs) I (1800 s" 5 ) = 1.11 mm 



< 



The required pot size for one week of operation is 



= 1.15 x 10" 12 in 3 /particle * 1SO0 particles/s x 7 day's x 24 h/day x 3600 sh 
V_ = 1.25 x 10" 3 m 3 



< 



COMMENTS: (1) Hie Biot number associated with the cooling of the panicle is Bi = h(D T ; '6)/kp 
= 72 1 \Vim 2 K x (130 x 10"' m/s)/(3S W/m-K) = 0.0004 « 0.1. Therefore, the lumped 
capacitance assumption is valid. (2) The maximum possible radiation heat transfer coefficient is 
associated with the initial particle temperature and an emissivity of unity. Assiiming a 
surroundings temperature of 30°C = 303 K, we find a radiation heat transfer coefficient of hf = 
5.67 x L0" s W/nr-K 4 x (49S ■+ 303) K x (49S : - 303 : ) K : = 15 W/nr-K. Therefore, radiation heat 
transfer is negligible. (3) The terminal velocity of the very small spherical particle is relatively 
low. This is because the surface area to weight ratio of a sphere is inversely* proportional to the 
sphere diameter. As the sphere becomes small, drag forces become relatively large at relatively 
low velocities. 
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PROBLEM 7.72 



KNOWN": A spherical workpiece of pure copper with a diameter of 15 mm and emissivity of 0.5 is 
suspended in a large furnace with wails at a uniform temperature of GQ0°C. The air flow over the 
workpiece has a temperature of 900 S C with a velocity of 7.5 m/s. 

FIND : (a) The steady-state temperature of the workpiece: (b) Estimate the time required for the 
workpiece to reach within 5°C of the steady-state temperature if its initial, uniform temperature is. 
25 °C; (c) Estimate the steady-state temperature of the workpiece if the air velocity is doubled with all 
other conditions remaining the same; also, determine the time required for the workpiece to reach 
within 5 3 C of this, value. Plo: o:: :;:e same graph the workpiece temperature histories for the two air 
velocity conditions. 

SCHEMATIC: 




= 9Q0°C 
V = 7.5 m/s 



Sphere, T s 
D = 15 mm 
e = 0.5 
pye copper 




V E S t=0 



bnergy balance, alaady-sial" 



ASSUMPTIONS: 1,1) Flow over a smooth sphere. (2) Sphere behaves as space wise isothermal object; 
lumped capacitance method is valid. (3) Sphere is small object in large, isothermal surroundings, and 
(4) Constant properties. 

PROPERTIES: Table A-4, An (Tec — L 1 73 K 1 atm): u = 4.655 x 10° Ns/nf, v = 0.0001572 m7s, 
k = 0.075 W/m-K, Pr = 0.728; Air (T s = 1010 K, 1 atm): = 4.268 x 10" 5 N-s/m 2 _ 

ANALYSIS: (a) The steady-state temperature is determined from the energy 7 balance on the sphere as 
represented in the schematic above. 



-h D A s ( T s - I x ) - eX^u ( T 4 - T 4 lir j = 



<lcv-<lrad+0 = O 
0 



CD 



where Ac = kD ■4. The convection coefficient can be estimated using the Whitaker correlation, Eq. 
7.56, where all properties except ll,, are eva bated at T E . Assume T s = 737°C = 1010 K to evaluate |% 



Nu 



D 



2 + 



0.4 Rejj 2 + 0.06 Reg''' 3 



Pr°->/*) 1M 



0) 



See the table below for results of the correlation calculations. From the energy balance, canceling out 
A s . with numerical values, fmd T 3 . 

-79.S W / m 2 ■ K ( T & - 1 1 73) K - 0.5 x 5 .67 < 10~ 3 W ■•' m 2 - K 4 ( T 4 - 873 4 | K 4 = 0 

T S =1010K = 737 C C < 

(b) The time required for the sphere initially at Tj = 25 l C to reach within 5 a C of the steady- 
state temperature can be determined from the energy balance for die transient condition. 



Continued . 
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PROBLEM 7.72 (Cont.) 

^in — E-out + ^geu = -^st 

-L D A, (T s -T. x )-£ A s cj(t s 4 - T s 4 ra ) = /* f ffD 3 / 6 )^ (3) 

Recognize that hp is not constant, but depends upon 1\(t). Using .ffl7~ to perform the integration, 
evaluate hp , and provide pure copper properties p and c as a function of T s , the time t 0 for T(t 0 ) = 
(737 - 5) ; C = 732 C C is 

t 0 = 274 s < 
See Comments 1 and 2 for detail* on the IHT calculation method. 

(c) Use Eq. (l).and (2) to find the steady-state temperature when the air velocity is doubled, V = 2 x 
7.5 ms = 15 uv's. The results are tabulated below along with those from part (a). 



Part 



V 
(in's) 



Re D 



Nu 



D 



h D 
(W/m-K) 



a 
b 



7.5 
15 



115.6 
1431 



15.96 

22.42 



79 S 
112.1 



737 
7<5D 



As expected, increasing the air velocity will cause the sphere temperature to increase toward T^. Not 
tliat hpj increases by a factor of 1 .4 as the air velocity is doubled. From correlation Eq. (2) note that 
lip is approximately proportional to V 3 where n is in the range 1/2 to 2/3. Using the IHT code for rhs 
lumped capacitance analysis, the time for T(t 0 ) = (760 - 5)°C = 755 S C is 

t o =230 s < 

Time temperature hi stones for the two air velocity conditions are calculated using the foregoing 
transient analyses in the IHT workspace. 



800 



600 



400 



200 



Workpiece ternpera:une history 




"CO 200 
Elapsed dime, t (s) 

V = 7.5 mys. airvsloci?/ 
V=15mys 



30 D 



Continued 
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PROBLEM 7.73 

KNOWN: Diameter and initial and final temperatures of copper spheres quenched in a water bath. 

KIND: (a) Terminal velocity in the bath, (b) Tank height. 

SCHEMATIC: 

Copper sphere, D=20mm i -\~Z J 




3 



T i(l ..0)^6OK.T f (0.t^3ZOK fc^-p)^ 

ASSUMPTIONS; ( 1 ) Sphere descends at terminal velocity, (2) Uniform, but time varying surface, 
temperature, 

PROPERTIES: Table A-K Copper (350K): p = 8933 kg/m'\ k = 3% W/m-K. c p = 387 J/kg-K; 

Table A-6, Water (T x = 280 K}: p= 1000 kg/m , u = 1422 x 10" N-s/itT, k = 0.582 W/m-K, Pr = 

-5 2 

10.26: (T s =s 340 K}: u s = 420 x 10 N-s/m . 

ANALYSIS: A force balance gives C D |^D 2 /4j />V 2 /2 = (p cu - p) g ;rD 3 /6, 

^ .,2 4D p cu -p 4x0.02 m 8933-1000 rt CJ ,2 „ A „ 2,2 

Cn V z = — ^ — — g = 9.8 m/s z =2.07 m z /s z . 

3/7 3 1000 

An iterative solution is needed, where Cyy is obtained from Figure 7.8 with Rep - VD/v - 0.02 m 

V/l .42 x 10 m is - 14,085 V (m/s). Convergence is achieved with 

Vwllffi/s < 
for which Rep = 29,580 and Cp ^ 0.46. Using the Whitaker expression 

Nu~ D = 2 + (o.4 x 29, 850 1 1 2 + 0.06 x 29, 850 2 ; 3 J f 1 0 .26 )° 4 ( 1 422 / 42 0 )' ' 4 = 439 

h-Nu D k/D = 439 x 0.582 W/m K/0.02 m = 12,775 W/m 2 K. 
To determine applicability of lumped capacitance method, find Bi = h (r 0 /3)/k cll = 12,775 

W/m 2 • K (0.01 m/3)/ 398 W/m-K = 0. 1 1. Applicability is marginal. Using Eq. 5.50c, 

0* = C, exp(-^Fo) and from Table 5.1 at Bi = h rjk = 0.32, C, = 1 .0937, |, = 0.9472. Substituting 
into the preceding equation yields 

0.5 -1 .0937 exp (-0.94722 Fo) from which 

Fo = 0.87 = at { /r o 2 

With ctcu = k/pep = 398 W/m-K/{8933 kg/m"*) {387 J/kg-K) =1.15x1 o" 4 m 2 /s, find 

t f =0.87 (0.01 m} 2 /1.15xl0~ 4 m 2 /s = 0.76s. 
Required tank height is 

H = t f - V = 0.76 s x 2. 1 m/s = 1 .6 m. < 

COMMENTS: Note that the terminal velocity is not reached immediately. Reduced V implies 

reduced h and increased tf. The Fourier number, Fo, is greater than 0.2. Hence, use of Eq. 5.50c is 
justified. 
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PROBLEM 7.74 

KNOWN: Diameter and initial and final temperatures of copper spheres quenched in an oil bath, 

FIND: (a) Terminal velocity in bath, {b) Bath height. 

SCHEMATIC: 



Cu, D^ZOmm, W J 



ASSUM P I IONS: ( 1 ) Sphere descends at terminal velocity, (2) Uniform, but time varying, surface 
temperature. 

PROPERTIES: Table A- 1, Copper (350K): p cu 8933 kg/m 3 , k 398 W/m-K, c p = 387 J/kg>K: 
Table 4-5, Oil (T M = 300 K): p = 884 kg/m" 3 , \i = 0.486 N-s/m 2 , k = 0. 145 W/m-K, Pr = 6400; (T s * 
340 K}: p 0.0531 N s'm 2 . 

ANALYSIS: (a) 1-orce balance gives C n (/rD 2 / 4jpV 2 / 2 = (p cu - p) g ;rD 3 /6, 

V 2 = 4D p^-p = 4x 0.02 m 8933-884 ^ = ^2 ^ 
3 p 3 884 s 2 

An iterative solution is needed, where Cq is obtained from Fig. 7.8 with 

VD 0.02 m (V) 
Re D = = ^—=36.4 V(Ws). 

v (0.486/884) m 2 /s 

Convergence is achieved for Vt 1,1 m/s < 

for which Rej) 40 and C'd =s 1.97. Using the Whitaker expression 
Nhi D = 2 + ^0.4 Rep 2 + 0.06 Re£? ) Pr 0 4 ( p / A )' " 4 

Nu" D = 2 + (o.4 x 40 1 ■' 2 + 0.06 x 40 2 ' 3 J (o>400) 04 (0.486 / 0.053 1 )' M = I 89.2 

h = Nu" Q k/D - 1 89.2 x 0. 145/0.02 = 1 357 W/m 2 ■ K. 
To determine applicability of the lumped capacitance method, find Bi = h (% /3)/k tlJ = 

1357 W/m 2 - 
from Eq. 5.5, 



h Nu" D k/D - 1 89.2 x 0. 145/0.02 - 1 357 W/m 2 ■ K. 
'a 

1357 W/m 2 ■ K (0.01 m/3)/398 W/m K =0.01 1. Hence lumped capacitance method can be used; 



{ p c) ;rD 3 id t. _ T 
h ,tD 2 If - To; 



8933 kg/m 3 x387 J/kg-K 0.02 m 60 

tf = (n — = 9.33 s. 

1357 W/m ■ K 6 20 

Required tank height is H =tf V = 9.33 s x l.l m/s = 10.3 m. < 

COMMENTS: ( I } Whitaker correlation has been used well beyond its limits (Pr » 380). I lence 
estimate of h is uncertain. (2) Since terminal velocity is not reached immediately, 

h < 1357 W/m 2 - K and t f >9.33 s. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 7,75 



KNOWN: Velocity of plasma jet and initial particle velocity in a plasma spray coating process. 
Distance from particle injection to impact. 

PTND: (a) Particle velocity and distance of travel as a function of time. Time-in-flight and particle 
impact velocity, (b) Convection heat transfer coefficient and time required to heat particle to melting 
pomt and to subsequently melt it. 

SCHEMATIC: 



Alumina particle (m_, V_, D„ = 50 urn) 
= 2318 K./C,= 3577 kJ/kg 
p = 3970 kg/m 3 ?* = 10.5 W/m-K. 
c„ = 1 560 J/kg K 



L = 1 00 mm 




Plasma jet 

v=400 m/s 

T M = 10,000 K 
k= 0.671 W/m-K, c : 
|j- 2.70x1 Q" 4 kg/s-m 
v = 5.6x1 0" 3 m 2 /s 



1480 J/kg-K 



ASSUMPTIONS: (I) Applicability of Stokes" law, (2) Constant particle and plasma properties. (3) 
Negligible influence of viscosity ratio m Win taker correlation, (4) Negligible radiation effects, (5) 
Validity' of lumped capacitance approximation. 

ANALYSIS: (a) From Eqs. 7.50 and 7.55, 

Fp 24 14 



A { ipV 2 /2j Re D pVD p //# 

where V = V - Vp is the relative velocity 7 and Af = jrDp" j 4 . Hence, the drag force on the particle is 
Fb = 3,™D p V = m p (dV p /dt) = -m p (dV/dt) 



Separating variables and integrating from the nozzle exit, where V, = 0, V = V and t = 0, 

Jv v 

V 



nir 



ln- 



3;g/Dpt 



■'0 



ni,- 



V = V exp ( -3,-T//Dpt /in p ) = V - V p 



Hence. 



V p (t) = V [l - exp (-37T//Dpt/m p )] 
With Vp = dxp^dt , it follows that 

j£" dx p = f^ f V [l - exp (~3^uD p t /m p )1 dt 



Continued.. 
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PROBLEM 7.75 (Cent.) 

L = Vlf "^H 1 - es P(-3^Dptf /mp )] 



Substituting the prescribed values of D p , L, V and tlie material properties, the foregoing equations yield 
V p = 166.7 m/ s t f =0 001U < 

(b) Assuming an average value of V =315 m/s. the Reynolds number is 



jl5m/sO0*10 



= 1 i — 77 = 2.S1 

5.6*10 J m7s 

From the Whitaker correlation. 

Nud = 2 + ^0.4Et£Q 2 + 0.06 Re^ 3 ) Pi ° 4 

Mi D = 2 + (o.4x 2.S1 1/2 + 0.06x 2.S1 2/3 J(0.60) 0 - 4 = 2.64 

h = 2.64k/D p =2.64(0.671W/m-K)/50xl0~ 6 m = 35,400w/m 2 K < 

Tlie two-step melting process involves (i) the time t] to heat the particle to its melting point and (li) the 
time t; required to achieve complete melting. Hence, x m = v + ti, where from Eq. 5.5, 



6h T mp " T ^ 

3970kg/m 3 (50xlO- !5 m)l560J/kg.K n 0 0-10 0001 

Ti = ; — : hi- - = 3.4xl0^s 

6(35,400 w/m 2 .K) (2318-10,000) 

Performing an energy - balance for the second step, we obtain 

<konv dt = ^ E &t = PpVh s f 

Hence. 

^>Dp h sf 3970kg/m 3 (50xl0- e m] 3 . 577xl0 6 j/k 

~ 6h (Toc-T^j 6(35,400 w/m 2 -K) (10,000 2318) K 

Hence. 

t m = j 3.4 x I0 -4 +■ 4.4 x 1 0~ 4 ) s = 7.8 x 10^s 
and the prescribed value of L is sufficient to insure complete melting before impact. 

COMMENTS: (1) Since Bi = (hip/^j/kp =s 0.03 . use of the lumped capacitance approach is 
appropriate. 

(2) With Ren = 2. SI, conditions are slightly outside the ranges associated with Stokes' law. 
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PROBLEM 7.76 

KNOWN: Diameter. velocity, initial temperature and melting point of molten aluminum droplets. 
Temperature of helium atmosphere. 

TEND : Maximum allowable separation between droplet injector and substrate. 
SCHEMATIC: 

Molten aluminum sphere 
D = 5x10-* m 
T|= 1100 K. T f > 933 K 



V = 3m/s 



ASSUMPTIONS : (1) Lumped capacitance approximation is valid. [2) Constant properties. (3) 
Negligible radiation. 

PROPERTIES : Table , J - 4, Helium ( T E = 3 00 K ) : v = 1 2.2 x 1 0" 6 m 2 / s, p = 199 x 10 -7 N ■ s I m 2 , 
k = 0.1 52 W / m ■ K, Pr = 0.6S. Helium (T s = 1 00OK ) : ^ = 446 x 10~' N-i.'in 2 . Given, Aluminum: 
^ = 2500 kg / a 3 ,c- 1200 J / kg K, k = 200 W / m ■ K. 

ANALYSIS: With Re D = VD/v = 3m/s^5xlO^*m J/122 x lO^ni 2 is = 12.3, the Whitaker correlation 

2 + (o.4R^^0.06R^ 3 )Pr 0 - 4 (/./^) 1M ] 

|2+ro.4(l2.3) 1/2 +0.06fl2.3) 2/3 ](0.68) 0 - 4 f— t *} = 



yields 



D 



r 0.152 W/'mK 
h 



0.0005m 



= 975 W/m" ■ K 



The time-of-flight for the droplet to cool from 1 100K to 933K may be obtained from Eq. 5.5. 
pVc,,g t pcD, T t -T g 



t = =—— — 111 — = ZLl^Z- m _11 

hA s 8 6h Tf-T K 



2500k2.- m J 1 1200 J, : kg K (0.0005m) ,- Rnn , 

1 lnj — ]= 0.06s 

6x975 W/m' K V«3./ 

The maximum separation is therefore 

L = V x t = 3 in / s x. 0.06 s = 0. 1 Sm = 1 80 mm < 

COMMENTS: (1) With Bi = h{ D ■■' 6) ■' k = 4 x 1 0 -4 . the lumped capacitance approximation is 
excellent. (2.) With the surroundings assumed to be at = T^. and a representative emissivity of s : 

0. 1 for molten aluminum, h r < ee (T- + T X )( T 2 + 1; ( * 10 W • in 2 - K « h = 975 W , m 2 - K. Hence, 
radiation is, in fact, negligible. 
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PROBLEM 7.77 



KNOWN: Method to manufacture small diameter droplets. Properties of D = 75 fjm diameter 
particles ejected into air. Air temperature and pressure, initial particle temperature. Desired 
temperature of drop upon impact of a substrate. 

FIND: (a) Terminal velocity of the droplets, (b) Separation distance between droplet injection 
location and substrate so that the droplets impact the substrate at T: = 120 °C. 



SCHEMATIC: 



D p = 75 pm 



T = 1S0 D C 



till 



p p = 2200 kg/m 3 
c„ = 700 J/kg-K 

Air, T = 25'tl V 



ASSUMPTIONS: (1) Negligible radiation heat transfer (2) lumped capacitance thermal 
response, (3) Negligible microscale heat transfer effects. 

PROPERTIES: Table A.4, air: (T f * [(T L + Tn)/2 + T„]/2) = [(150 °C + 120 D C)/2 + 25 °C]/2 = 
80 °C * 353 K): p = 0.987(5 kg/m 3 , v = 21 .25 x 1 0" 6 rrrVs, k = 0.03023 W/m-K, Pr = 0.6994. ( T 5 = 

(150 3 C + 120 °C>'2 = 135 °C = 408 K: Lij = 2.334 x 10" 5 N-s/m 1 . (T„ = 25 n C = 298 K): v = 
15.71 x 10~ s m 2 i% k = 0.02(514 W/mK = \x = 1.836 x 10" s N-s/m 1 , Pr = 0.7075. 



ANALYSIS: 

(a) A force balance on the particle yields 
Vp p g = C D A f (pY 2 /2) 

where V = ^m(D p /2) 2 = 1 x h x (75 x 10" 6 m/2) 3 = 220.9 x 10" 15 m 3 

A f = rr(D /2) 2 = n x (75 x 10" 6 m/2) 2 = 4.42 x 10" 9 ur 



(1) 



We also know 



Re^ = p - 



10 



21.25 x 10"° rrT/s 



= 3.53(sj'm) x V 



(2) 



The correct velocity will yield values of Co and Re; that are consistent with Figure 7.8. A trial- 
and-error solution yields (using properties at T f ) 

V = 0. 3 0 m% Ren = 1 . 0 6 r C D = 24. 2 (C D from Figure 7. 8 = 25) < 

(b) Using the Whitaker correlation with properties evaluated at T». 
Ren = 0.3 m/s x 75 x I0" fi m/1.571 x 10" 5 m 2 /s = 1.43 



Therefore, 



Continued. . 
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PROBLEM"."" (Cant.) 




Using Equation 5.6 with A, = 4 x n * (75 x 10^ ni/2) 2 = 17.7 x 10" 9 m 2 , 



T ; -T^ = 120-25 
Tj-T^, 150-25 



0.76= exp 



854 W/m 2 ■ K x 17.7 x 10" 9 m 2 



2200 kg/m 3 * 220.9 x 1Q" 15 m> x 700 J/kg ■ K 



yielding 



t = 6.20 x 10"- s = 6.2 ms. The separation distance, L, is therefore 
L = 0.30 m's x 6.2 x 10" s = 1.86 x 1Q" 3 m = 1 86 mm 



< 



COMMENTS: (1) The maximum possible radiation heat transfer coefficient is 
associated with the initial particle temperature and an emissivity of unity. Assuming a 
surroundings temperature of 25 °C = 298 K, we find a radiation heat transfer coefficient 



of h r = 5.67 x 10" s W.W-K 4 x (423 - 29S) K x (423 2 + 298") K : = 1 1 W/m 2 -K. Therefore, 



radiation heat transfer is negligible. (2) The terminal velocity of the very srnall spherical 
particle is very low. This is because the surface area to weight ratio of a sphere is 
inversely proportional to the sphere diameter. As the sphere becomes small, drag forces 
become relatively large at relatively low velocities, (j) The Whitaker correlation has been 
extrapolated outside of its recommended range of application. However, we know that 
the limiting value of the average Nusselt number is two. (4) The sphere is very small and 
the density of the sphere is relatively low. The lumped capacitance assumption is likely to 
be valid. 
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PROBLEM 7.78 



KNOWN: Velocity and temperature of combustion gases. Diameter and emissivity of thermocouple 
junction. Combustor temperature. 

FIND: (a) Time to achieve 93° -t of maximum thermocouple temperature rise, (b) Steady-state 
Thermocouple temperature, (c) Effect of gas velocity and thermocouple emissivity on measurement error. 



SCHEMATIC: 



lad 



1 < V < 25 mi's 

r = 1000 k 




D = 0.001 m 



T"„ = 400 K 



ASSUMPTIONS: (1) Validity of lumped capacitance analysis, (2) Constant properties, (3) Negligible 
conduction through lead wires. (4) Radiation exchange between small surface and a large enclosure (parts 
b and c). 

PROPERTIES: Thermocouple (given): 0.1 < t < 1.0. k = 100 W/m-K, c = 3S5 J/kg-K, p = S920 kg/m 3 ; 
Gases (given): k = 0.05 W/m-K, v = 50 x 10' 6 m : /s, Pr= 0.69. 

ANALYSIS : (a) If the lumped capacitance analysis may be used, it follows from Equation 5.5 that 
t = £ Vc ln T i -T 5 , = LVc 1 

hA s T-T x 6h ' ' 
Neglecting the viscosity ratio correlation for van able property effects, use of V = 5 nv s with the Whi taker 
correlation yields 

VD 5 m/s( 0.001m) 



Nud = ( hD/k ) = .2 + j 0.4 Re^ 2 + 0.06 Re|>' 3 ) Pr 0 ' 4 



Re D = 



v 50* 10 m-/s 



■ = L0O 



h = 



0.05 W/m ■ K 



0.001m 



2- [0.4(100 f 2 + 0.06(100)- 3 )(0.69) 0 - 4 = 32Sw/m 2 -K 



Since Bi = h ( r 0 /3 }jk = 5.5 x 10" . the lumped capacitance method may be used. Hence. 
0.00 1 m 1 8920 kg/m 3 j 385 J/kg ■ K 



t = ■ 



6x328 w/m 2 K 



-hi (50) = 6.83s 



< 



(b) Performing an energy balance on the junction and evaluating radiation exchange from Equation 1.7, 
qiimv = qbd Hence, with s = 0.5. 

hA i (T x -T) = £A,cT(T 4 -T*) 

0.5 x 5.67 xlO -8 w/m 2 -K 4 



(1000-T)K : 



328 w/m 2 K 



T 4 -(400) 4 



K 4 . 



T = 936K < 
(c) Using the IHT First Law Mode! for a Solid Sphere with the appropriate Correlation for external flow 
from the Tool Pad, parametric calculations were performed to determine the effects of V and s ; , and the 
following results were obtained. 

Continued.. 
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PROBLEM "8 (Com.) 




1D IB 
Velocity. V(m/s) 
■ Err ssiv:y, epEilon = 0.5 




0.1 0.2 0.3 CS.-S 0.5 0.6 D.7 0.9 D.S 1 
Emisswiry 



Since the temperature recorded by the thermocouple junction increases with increasing V and decreasing 
e. the measurement error. T x , - T, decreases with increasing V and decreasing s. The error is due to net 
radiative transfer from the junction (which depresses T) and hence should decrease with decreasing s. 
For a prescribed heat loss, the temperature difference (T^ - T) decreases with decreasing convection 
resistance, and hence with increasing h(Y) . 

C'ODIEXTS: To infer the actual gas temperature (1000 K) from the measured result (936 K), 
correction would have to be made for radiation exchange with the cold surroundings. 
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PROBLEM 7.79 

KNOWN: Diameter, emissivity and temperature of a thermocouple junction exposed to hot gases 
flowing through a duct of prescribed surface temperature. 

FEND: (a) Relative magnitudes of gas and thermocouple temperatures if the duct surface temperature is 
less than the gas temperature, (b) Gas temperature for prescribed conditions, (c) Effect of Velocity and 
emissivirv on measurement error. 



SCHEMATIC: 




Duct . 

Thermocoupte junction, 
Tj = 320 °C,D- 0.002 m, e = 0.6 



w fa ^ — V 



ASSUMPTIONS: (1) Steady- state conditions, (2) Junction is diffuse- gray, (3) Duct forms a large 
enclosure about the junction, (4) Negligible heat transfer by conduction through the thermocouple leads, 
(5) Gas properties are those of atmospheric air. 

PROPERTIES: Table A-4, Air [T ? * 650 K, 1 arm): v = 60.21 x 10" fl nVVs, k = 0.0497 W/m-K, Pr = 
0.690, u. = 32.2.5 x 10" 7 N s/m : ; Air (Tj = 593 K : 1 atm): ll=304x 10~ 7 Ns/m : 

ANALYSIS: (a) From an energy balance on the thermocouple j unction. q conv = q rac j . Hence, 

ig^j) i J >-;) 

hA(T g -T J ) = mA(T4-Tf) or T g -Tj = §^(t 4 -T 4 ) . 

If L < T-, it follows that X < T g . < 

(b) Ne glecting the variable property correction, ( fiffe f ' ^ — { 3 22 . 5/3 04 / ' 4 = 1 . 0 1 a 1 . 00, and using 

VD 3 m/i (0.002 m) 
Re D = = ^—^=100 

v 60.21xl0~°m z /s 
the Whitaker correlation for a sphere gives 

h- =0 'T^' K !^ 

Hence 

(T„-593K | = 5.67 x 10" 8 w/m 2 ^ K 4 [(593K) 4 - (448K) 4 1 = 17K 

1 63 W/m--K L J 

T g = 610K = 337°C. < 

(c) With T, fixed at 610 K, the IHT First Law Model was used with the Correlations and Properties Tool 
Pads to compute the measurement error as a function of V and e. 

Continued... 
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PROBLEM "9 (Cent.) 




Since the convection resistance decreases with increasing V. the junction temperature will approach the 
gas temperature and the measurement error will decrease. Since the depression in the junction 
tempera Hire n due to radiation losses from the junction to the duct wall, a reduction in e will reduce the 
measurement error. 

COMMENTS: hi part (b), calculations could be improved bv evaluating properties at 61 0 K (instead of 
650 K). 
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PROBLEM 7.80 



KNOWN: Diameter and emissivity of a thermocouple junction exposed lo hot gases of prescribed 
v elocity and temperature flowing through a duct of prescribed surface temperature, 

KIND: (a ) Thermocouple reading for gas at atmospheric pressure, (b) Thermocouple reading when 
gas pressure is doubled. 



SCHEMATIC: 



p-lafm orZatm 



iconv 



f %*1 ^-T 5 =200°C 

-77iermocoap/e Junction, 
T},D=aOOZm, &=0.6 



ASSUMPTIONS: ( 1 ) Steady-state conditions. (2) Junction is diffuse-gray. (3) Duct forms a large 
enclosure about junction. (4} Negligible heat loss by conduction through thermocouple leads. (5} Gas 
properties arc those of air, (6) Perfect gas behavior. 

PROPERTIES: Table A-4, Air(T g = 773 K. 1 aim): v = 80.5 x lo" 6 m /s, k = 0.056 1 W/m-K. Pr = 
0.705. 

ANALYSIS: (a) Performing an energy balance on the junction 



c lrad 

(.1 >s) 



hA(T g -Tj) = «rA(T| , -T s 4 ). 



Neglecting the variable property correction, (u./u. s )' 4 , and using 
YD 3 m/sx 0.002 m 

y 80.5x10" 6 m 2 /s 
the W hi taker correlation for a sphere gives, 



r 0.0561 W/m-K 

h = (2 + 

0.002 m 



0.4(74.5)' '" 2 +0.06(74.5) 2/3 ( 0.705 ) 0 ' 4 j= 166 W/m 2 -K. 



166(773~Tj) = 0.6x5.67xlO" K ^T 4 -(473) 4 J 



and from a trial-and-error solution, 

Tj m 726 K. < 
<b) Assuming all properties other than vto remain constant with a change in pressure, T p by 2 will 4- 
v by 2 and hence T Rej) by 2, giving Rejj = 14'J, Hence 



■r 0.0561 
h = 2 + 



0.4(149) 1/2 +0.06(149) 2/3 



(0.705)°- 4 ( = 216 W/m 2 -K 



T 4 -(473) 4 
J v } 



0.002 

2 16(773 -Tj) = 0.6x5.67x10 

and from a trial-and-error solution 
Tj « 735 K. 

COMMENTS: The thermocouple error will 4 with t h, which t with tp. 
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PROBLEM 7.81 

KNOWN": Velocity and temperature of helium flow over graphite coated uranium oxrde pellet?. Pellet 
and coating diameters and thermal conductivity. Surface temperature of coating. 

FEND: (a) Rate of heat transfer, (b) Volumetric generation rate m pellet and pellet surface temperature, 
(c) Radial temperature distribution in pellet, (d) Effect of gas velocity on center and surface temperatures. 



SCHEMATIC: 



D o = 0.012m^ r—D y = 0.01m 




T s = 1300 K 



V-20m!s "It . H t = 2W/inK 



7"„= 500 K 



8 

q, k p = 2 W/m K 



ASSUMPTIONS: (1) One-dimensional, steady conduction in the radial direction, (2) Uniform 
generation, (3) Constant properties. (4) Negligible radiation. (5) Negligible contact resistance. 

PROPERTIES: Table AA, Helium [T K = 500 K. 1 atm): v = 290 x 10" 4 mVs,k= 0.22 W/m-K, Pr = 
0.67, n = 283 x 10' ? N-s/m 2 ; (T s . 0 = 1300 K, with extrapolation): ,u = 592 x 10' 7 N-s/m 2 . 

ANALYSIS: (a) Tlie heat transfer rate is q = hA^ ( T v c - T x ) , where the convection coefficient can be 
estimated from Nu D = 2 + j 0.4 Re^ 2 + 0.06 Re 2 ) 3 j Pr 0-4 ( u x f 1 4 , where 

VD- 20m/sx0.012m „„„ 
Re D =— S- = H - ^^ = 828 

v 290x10 °m i /s 

Nu D = 2 +^G.4(82S) 1/2 + 0.06(82*) 2/3 J(0.67) 04 ( 283/592 ) 1/4 = 13.9 

- k — 0.22 W/m-K / 3 

h Nud x 13.9 = 255 w/ m - K . 

D 3 0.012m 

Hence, q = 255 w/m 2 ■Kx;T(0.012.m) 2 (l300-500)K = 92.2 W . < 

(b) The volumetric heat rate in the pellet is 

q = ^ = ^^ = 1.76,10 S w/n^ < 
-rDi/6 j(O.Olm) 

The inner surface temperature of the coating is equal to the pellet surface temperature. 

92.2 W ( L 1 



4,t i 2 W/m -K I ■ 0.00 5 m O.O0S m , 



= 122.3K 



T S 1 =1300 K + 122.3 K = 1422 K. 
(c) The heat equation for the spherical pellet reduces to 

K _ .... 

-q 



^p_±( 2 dT j 
r 2 drl/ dr J 



Integrating twice, 



r2 dT = _^ r 3 +Ci dT_J_ r+ 2± 
dr 3k p dr 3k p r - 



Continued.. 
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PROBLEM '.SI (Cunt.) 



T—_ 5_ r 2-i± + C2 . 
dk p r 



<:■ = o 



c 2=\i+(V 6k p) I i 2 



Applying boundary conditions, 

r = 0: dT/dr) r=0 =O 

r = fi T(rJ = T, -* 

Hence the temperature distribution is 

T(r) = T 3;1+ ( q /6k p )(^-r 2 ]=T(0)-(q/6k p )r 2 < 

where the temperature at the pellet center is T ( 0) = ; +- {([j 6kp )if . 

For the prescribed conditions, 

T (0) = 1422 K + ( 1 .76" x 1 0 S w/ra 3 /o" x 2 W/ra ■ K J (0.005 in} 2 = 1 789 K . 

(d) With q = 1 .5 x 10^ w/ , parametric calculations were performed using the IHT Model for One- 
Diniensionai, Steady-State Conduction in a sphere, with the surface condition, (' q ) = (l s j - T^, )j^-" t i 

where the Total thermal resistance, R t j = R£ ij , is 

(VO-(V%) . i 



4,7^ 2 h 



The Correlations and Properties Tool Pads were used to evaluate the convection coefficient, and the 
following results were obtained. 




935 velocity. Vim'Bj 
■ Oulef SLrtew lenaeaTjre. Teg 




10 15 

VHDdly. v;m,'s; 



As expected, all temperatures increase with decreasing V, while fixed values of q _ and hence q(r), and 
Kfcui provide fixed values of (T(0) - T=j) and (T=_i - T t0 ), respectively. 

COMMENTS: In a more detailed analysis, radiation heat transfer, which would decrease the 
temperatures, should be considered. 
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PROBLEM 7.82 

KNOWN: Initial temperature, dimensions and properties of chip and solder connectors. Velocity, 
temperature and properties of liquid. 

FES'D: (a) Ratio of time constants (chip-to- solder), [b) Clup-to-s older temperature difference after 
0.25 s of heating. 

SCHEMATIC: 



T, = 20°C 



A. 1 
t = 1 mm 

T 



L = 10 mm 



Silicon chip 



o o o 




V = 0.2 m/s 
Solder ball, D = 1 mm 



ASSUMPTIONS : (1) Solder balls and chips are spatially isothermal.. (2) Negligible heat transfer 
from sides of chip. (3) Top and bottom surfaces of chip act as flat plates in turbulent parallel flow, (4) 
Heat transfer from solder balls may be approximated as that from an isolated sphere. (5) Constant 
properties. 

PROPERTIES: Given. Dielectric liquid: k = 0.064 W / m ■ K, V = 1 0 _<5 m 2 / s, Pr = 25: Silicon 
chip: k = 150W/in K, p = 2300kg /m 3 , c p = 700 J/kg -K: Solder ball: k = 40 W/mK, 

p = 1 0, 000kg / m 3 , Cp = 150 J / kg K 

ANALYSIS: (a) From Eq. 5.7, the thermal time constant is r t = (p V c .■' h A, ") . Hence. 



M.ch ^ c U( l2t ) h sldi^D- 



= 3 



( pc kh Kid 

h,sld 2h ch L 2 (pc). ld f^D 3 /6) "D(P^) s id h ch 
The convection coefficient for the chip maybe obtained from Eq. 7.38 with A = 0. with 



-6 2 



Re L = VL / v = 0.2 m / s, x 0 .0 lm : 1 0 m " / & = 2000 



0.064 W; in- K. 



v4/5,„ c -.l/3 



h ch = (0.037)(2QOOf ' IJ (25) 1,IJ =302W/ni 2 -K 

0.0 lm 

The convection coefficient for the solder may be obtained fromEq. 7.56, with Re^ = VD/v 
= 0.2 m :' s x 0.001m ; 10 " m" = 200. Neglecting the effect of the viscosity ratio. 



h skl =■ 



0.064 W/mK 



0.001m 

f 



2 + 



0.4 (200^ 2 + 0.06 



(200) 2/3 j(25) 04 



= 1916W/m i -K 



Hence. 



r t,ch 



= 3 



?300kg/m 3 x700J/kg-K 



1916W/m--K 
302W/m 2 -K 



: = 20.4 



^10,OOOkg/m J xl50J/kg-K, 

Hence, the solder responds much more quickly to the connective heating. 

(b) From Eq. 5.6, the chip-to- solder temperature difference may be expressed as 



Continiied 
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PROBLEM 7.S2 (Cont) 



T ch - T &ld =( T i- T 2o)(exp 



-exp 



6k 

pcD.. 



ski 



T ch - T sld = 60 ° c 1 ™P 



604W/m-K 
1610J/m 2 -K 



0.25 s, 



- exp 



11. 496W/m- K 
1 500 J/ in 2 -K 



0.2?s 



T ch -X,y =6Q°C {0.910- 0.147} = 45. 8°C < 

COMMENTS: (1) The foregoing process is used to subject soldered chip connections (a major 
reliability issue) to rapid and intense thermal stresses. {2) Some heat transfer by conduction will occur 
between the chip and solder balk, thereby reducing the temperature difference and thermal stress. (3) 
Constriction of flow between the chip and substrate will reduce h s \^ r as well as at the lower 
surface of the chip, relative to values predicted by the correlations. The corresponding time constants 
would be increased accordingly. (4) With Bi^ = (t/ 2)/ k c ^ip = 0.001 <-: 1 and Bi,^ = h r ^ 

(D/Gj.'kcid = O.OOS « L the lunged capacitance analysis is appropriate for both components. 
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PROBLEM 7.83 

KNOW>" : Conditions associated with Example 7.6. but with reduced longitudinal and transverse 
pitches. 

FIND: (a) Air side convection coefficient, [b) Tube bundle pressure drop, [c) Heat rate. 
SCHEMATIC: 

<SS> > O? ' * T S = 70X 

ASSUMPTIONS: (1) Steady- state conditions, (2) Uniform tube surface temperature. 

3 -6 2 

PROPERTIES: Tabic A-4. Atmospheric air (T,i = 2S8 K): p = 1.217 kg'm , v = 14.82 x 10 m /s, 
k = 0.0253 W/in-K, Pi = 0.71, Cp = 100.7 J/kg-K; (T s = 343 K): Pr = 0.701 . 
ANALYSIS: (a) From the tube pitches, find 



1/2 r 2 ,. nn ^ 1 ' 2 



Sl+(S t .'2) = (20.5) - -(10.25) 



= 22.91 mm 



{ S T + D) / 2 = (20. 5 + 1 6_4 ) / 2 = 1 S.45 mm. 

Hence, the maximum velocity occurs on the transverse plane, and 

St 20.5 mm 

V lna v = — V = t : 6 m/s = 30 ill's. 

™ S T -D (20.5-16.4) mm 

V mav D 30 Hi's (0.0 164 ml 4 
With Re D lliax = inax = - — - — —L = 3 .32 x 1 0 4 

J/ 14.82 x 10~ 6 m 2 /s 

and (St/SjJ = 1 - 2, it follows from Table 7.7 that 
C = 0.35 in = 0.60. 

Hence, from the Zhukauskas correlation and Table 7.8 (Ct = 0.95), 
Nu D =(0.95)0.35 Re^ Pr 036 (Pr/ Pr s ) L '' 4 

Nu D =(0 9.5)0.35(3 32xl0 4 j° 6 (0.71) 0 36 (0_71/ 0.701) L ' 4 =152 

r- — k 0.0253 W/m-K 2 „ 

h = Nil- — = 152 x = 2_i4 Wm ■ K. 

D D 0.0164 m 

(b) From the Zhukauskas relation 
AP = N L/ |^=- f. 

4 

With Re^maj; = 3.32 x 10 r Pj = (Sj/D) =1.25 and (Pp'PL) = 1 r it follows from Fig. 7.14 that 
x'afl.G2 f*0.38. 

Continued 
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Hence 



PROBLEM ".S3 (Cont.) 



1.217 kg/m 3 (30 m/s')- 9 
Ap = 7 x 1 .02 — 0.38 = 1490 K/m J 



Ap = 0.0149 bar. 
(c) The air outlet temperature is obtained from 

,7DXh 



T s _T o =(T S -Ti)exp 

( 



T s — T c = 5>°C exp 



^"tV P; 

-^(0.0164 m)56|234 W/m 2 -K.) 



1.217 kg.W k 6 ni/s x 8x0.0205 nixlOO? J/kg ■ K 



-T 0 =31_4°C 



T„ =38.5°C. 



The log mean temperature difference is 



AT ftn=" 



AT t -AT 0 (55 -31.4)° C 



= 42.rc 



in ( AT; / AT 0 ) in (55/3 1.4) 
q' = NhVDATfm = 56 j 234 W/m 2 •K)ff(0.0164 m) 42. 1 S C 



q , = 28.4kW/m. < 

COMMENTS: Making the tube bank more compact lias the desired effect of increasing the 
convection coefficient and therefore the heat transfer rate. However, it hat the adverse effect of 
increasing the pressure drop and hence the fan power requirement. Note that the convection 
coefficient increases by a factor of (234/135.6) = 1.73, while the pressure drop increases by a factor of 

(1490/246) = 6.1. This disparity is a consequence of the fact that h - V^"'"' 



mas: while Ap ~ V^. 
Hence any increase m Vjjj as , which would result from a more closely spaced arrangement, would 



more adversely affect Ap than favorably affect h . 
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PROBLEM 7.84 

KNOWN: Surface temperature and geometry of a tube bank. Velocity and temperature of air in cross 
flow, 

FIND: (a) Total heat transfer, (b) Air flow pressure drop. 
SCHEMATIC: 

M^Z^Z > O ' N L ?14r<ows,N T d4tube&lro<N 

p=lmtm * 
S L =15mm k-x w 

ASSUMPTIONS: ( 1 ) Steady- state conditions, (2) Negligible radiation, (3) Uniform surface 
temperature. 

PROPERTIES: Table A-4, Atmospheric air (T w = 298 K): v = 15. K x I0" 6 nWs, k = 0.0263 
W/m-K, Pr = 0.707, c p = 1007 J/kg-K, p = 1.17 kgm"\ (T s = 373 K): Pr = 0.695. 

ANALYSIS: (a) The total heat transfer rate is 

(T=-T;)-(T,-T 0 ) 

q = hN/rDL-V 5 U—^J: = hN^DL A T /m . 

fn[(T 8 -Tj)/(T s -T 0 )] 

w S T „ 15 mni , , c , „ 15 m/s(0.01 m) ^ , , „„ 

With V raax = — !— V = 5 m/s = 15 m/s, Rc D , mas = = 9494. Tables 7.7 

S T -D 5 mm 15.8x10* m 2 /s 

and 7,8 give C = 0.27, m = 0.63 and C2 =s 0,99. ] lence, from the Zukauskas correlation 
Nu" n = 0.99 x 0.2 7 ( 9494 ) 0 - 63 ( 0.707 ) 0 ' 36 (0.707 / 0.695 ) l/ 4 = 75.9 
h=Nu" D k/D = 75.9x0. 0263 W/mK/0.01 m = 200 W/m 2 ■ K 



i;-T 0 =(T s -T i )ox P 



jrDNh 



, /A'N T S T c p ; 



= 75 C oxp 



axam mxl%x200W/m 2 -K 
„ 1.17 kg/m 3 x S m/s x Hx 0.01 5 m x 1 007 J/kg - K ) 



T S -T 0 =27.7°C. 



Ik'llLV 



q = 200W/m 2 -Kxl967r(0.01m) 1 m t - ~ z/ ' / =58.5 kW. 

v ' (a (75/27.7) 

(b) With Re D(111ilx " 9494. (P T - I )/<P L - 1 ) = I, Fig. 7. 13 yields f * 0.32 and X = I . Hence, 

/ 2 \ f 1.1 7 kg/m 3 (l 5 m/s) 2 " 1 

Ap=N Z (^V 1 2 lax /2)f = 14xl - 

Ap = 590 N/m 2 =5.9xl0~ 3 bar. 

COMMENTS: The heat transfer rate would have been substantially overestimated (93.3 kW) if the 
inlel temperature difference (T s - Tj) had been used in lieu of the log-mean temperature difference. 



0.32 
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■ * ■ 



PROBLEM 7.85 

KNOWN: Surface temperature and geometry of a tube bank. Inlet velocity and inlet ami outlet 
temperatures of air in cross flow over the tubes. 

FIND: Number of tube rows needed to achieve the prescribed outlet temperature and corresponding 
pressure of drop of air. 

SCHEMATIC; 

Sj = 15 mm 

o 

T| = 25°C O 

V = 5m/s O 
p = 1 atm > O 

o o • ■ • o 

S|_= 15 mm w- 

ASSIJMPTIONS: { I ) Steady-stale, (2} Negligible temperature drop across tube wall and uniform 
outer surface temperature, (3) Constant properties, (4} Cj » I , 

PROPERTIES: Table .4-4, Atmospheric air. (T = { T, + T 0 ) ■■' 2 = 323K ):p= 1.085kg /m 3 . 

c p =1007.1 kg- K, v = 18.2x10 f 'm 2 / s,k = 0.028 W/ta-K, Pr = 0.707: (Tj=298K): p = 1.17 kg / m 3 ; 
(T s = 373K): Pr s =0.695. 

ANALYSIS: The temperature difference { T s - T ) decreases exponentially in the flow direction, and 
at the outlet 



Tube, □ = 10 mm 
T s = 10CPC 
L = 1 m 
P T = P L = 1 .5 

> T Q = 75°C 



T s -T 0 
Is "I, 



: exp 



jDN l h ^ 
, />VS T c pj 



where N, = N / Nj . Hence, 
Ni = =r^-fn 

TfDh 



Ts-T; 



fl) 



witn v i™x = [ S T ; ( S T " D )] v = 15m/s.Re Djnax = V 111X I) i = 8240. Hence, with S T , S L - I > 0.7, 
C = 0.27 and m = 0.63 from Table 7.7, and the Zhukauskas correlation yields 

J/4 



Nu„ = CC 2 RcD, milx Pr° 36 1 — I = 0.27x1 (8240 ) uw (0.707 ) U - J0 (0.707/ 0.695)' ' 4 =70.1 



Pt 



0.63 , 



.0.36 , 



\l/4 



y k— 0.028W/m-K„ , 2 
h= — Nu„ = 70.1 = 196.3 W/m -K 



0.0 1 m 



Hence. 



Ni 



l.l7kg/m 3 (5m/s)0.OI5m(l0O7J/kg-K.) ( 25 



ff(0.01m)l96.3W/m -K 

and 16 tube rows should be used N[_ =16 

With Re D m 



8240. P L = 1.5 and (Pr - 1 ) ' ( P L - 1 ) = I, f = 0.35 and x = ■ from Fig. 7.13. Hence, 



( v 2 ^ 
2 



f = 16 



1.08Skg/m 3 x(l5m/s) 2 
2 



0.35 = 684N/m 



COMMENTS: ( 1 ) With C 2 = 0.9') for N L = 16 from Table 7.8, assumption 4 is appropriate. (2) Note 
use of the density evaluated at T; = 298K in Eq. { 1 ). 
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PROBLEM 7.86 

KNOWN; Geometry, surface temperature, and air flow conditions associated with a tube bank, 
FIND: Rate of heat transfer per unit length. 
SCHEMATIC: 



To,=700K=Ti 



> o 

> o 

» o 



S L =20mm — 2— w 



T 0 



"Tu he j I) -10 mm 

Z^ooK 

N L xiOro**s, NftSO Hbtsfnm 
N~500,$JD=St/D=2 



ASSUM PTIONS: ( 1 ) Steady-state conditions, (2) Negligible radiation effects, <3) Gas properties are 
approximately those of air. 

PROPERTIES: Table A-4, Air (300K, 1 atm): Pr = 0.707; TableA-4, Air (700K, 1 atm>: v = 68.1 x 
I0" 6 m 2 /s, k = 0.0524 W/m-K, Pr = 0.695, p = 0.498 kg/m"\ c p = 1075 J/kg-K. 
ANALYSIS: The rate of heat transfer per unit length of tubes is 

(T s -Ti)-(T S -T 0 ) 



q' = hN,rD AT, 



'in 



hN/rD- 



n[(T s -Ti)/(T s -T 0 )] 



With v, 



St 20 

— ■ — V = — 5 m/s = 10 m/s. Re n m ..„ 
t — D 10 ' 



V max I) 10 m/s x 0.01 m 



68.1 x I0" 6 m 2 /s 



1468. 



Tables 7.7 and 7.8 give C = 0.27. m = 0.63 and = 0.97. 1 lenec from the Zukauskas correlation, 

NUy = CC 2 Re£ m;lx Pr 0 " 36 { Pr/ Pr s )' 4 = 0.26 ( 1468 )°- 63 (0.695 ) 0M (0.695 /0.707) ,/4 

Nu n = 22.4 h = — Nii n = 0.0524 W/m • K x 22.4/0.01 m = 1 1 7 W/m 2 ■ K. 
D 



Hence, 

(T s -T 0 ) = (T S -T j )e )l p 



.tDNIi 



T -T 
and the heat rate is 



201.3K 



= -400K c\p 



n x 0.0 1 in x 500 x 1 1 7 W/m 1 • K 
0.498 kg/m 3 ( 5 m/s) 50 (0.02 m ) 1 075.1 / kg ■ K , 



(-400 + 201. 3)K 

q = 117 W/nT - K 500,t 0.0 1 in )— r = -532 

I I ' (n [(-400)/ (-20 1.3) 



kW/m 



COMMENTS: ( I ) There is a significant decrease in the gas temperature as it passes through the tube 
bank. Hence, the heat rate would have been substantially overestimated (- 768 kW) if the inlet 
temperature difference had been used in lieu of the log-mean temperature difference. (2) The negative 
sign implies heal transfer to the water. (3) If the temperature of the water increases substantially, the 

assumption of uniform T s becomes poor. The extent to which the water temperature increases 
depends on the water flow rate. 
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PROBLEM 7.87 



KNOWN": An air duct heater consist; of an aligned arrangement of electrical heating elements with Sl = 
S: = 24 mni N\ = 3 and N7 = 4. Atmospheric air with an upstream velocity of 12 m's and temperature of 
25°C moves m cross flow over the elements with a diameter of 12 mm and length of 250 mm maintained 
at a surface temperature of 350°C. 

FIND: (a) The total heat transfer to the air and the temperature of the air leaving the duct heater, (b) The 
pressure drop across the element bank and the fan power requirement, (c) Compare the average 
convection coefficient obtained in part (a) with the value for an isolated (single) element; explain the 
relative difference between the results; (d) What effect would increasing the longitudinal and Transverse 
pitches to 30 mm have on the exit temperature of the air : . the total heat rate, and the pressure drop? 



SCHEMATIC: 



Tj = 25°c 
V = 12 m/s 



Heating elements 

T, = 350°C N = N L xN T = 12 

D = 12mm N L =3 

L = 250 mm M T - 4 



S L = 24 mm hn"" 

ASSUMPTIONS: (1) Steady-state conditions. (2) Negligible radiation effects, (3) Negligible effect of 
change in air temperature across tube bank on air properties. 

PROPERTIES: Table A-4, Air (Ti = 298, 1 atm ): p = 1 . 1 71 ksjm, Cp = 1007 J/kg-K; Air (T m = (Ti + 
T 0 )/2 — 309 K, 1 atm): p = 1.130 kg/ml c F = 1007 J/kg-K, yi = 1 .89 x 1 0" 5 Xs/m 2 , k = 0.02699 W/m-K, _ 
Pi = 0.7057; Air (T s = 623 K. 1 atm): Pr, = 0.687; Air (T f = (Tj + T 0 )/2 = 461 K, 1 atm): v = 3.373 x 10" 5 
m 2 /s, k = 0.03801 W/m-K. Pi = 0.6S6. 

ANALYSIS: (a) The total heat transfer to the air is determined from the rate equation, Eq. 7.68, 

q = N(h D ^DAT /nl ) (1) 

where the los mean temperature difference, Eq. 7.66. is 

AT^^L^- (2) 
T s -T 0 / (T S -T D ) 

and from the overall energy balance. Eq. 7.67, 

- \ 



T ^ T °=expi ' TDNh ° 



T s -Tj lpW T S T c P; 



(3) 



The properties p and c p in Eq. (3) are evaluated at the inlet temperature Ti. The average convection 
coefficient using the Zukauskus correlation, Eq. 7.64 and 7.65, 

^ D =^=CRe- Ilax Pr°^(Pr/Pr % ) 1/4 (4) 

where C = 0.27 = m= 0.63 are determined from Table 7.7 for the aligned configuration with Sj/Sl = 1 > 
0. 7 and 10 J < Reu iicas < 10 . All properties except Pr^ are evaluated at the arithmetic mean temperature 
Tm = (Ti - T 0 )/2. The maximum Reynolds number. Eq. 7.59, is 

Continued 
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PROBLEM 7.8" (Cout.) 



Re D = PV mas D/,U 
where for the aligned arrangement, the 1 



(5) 



i velocity occurs at the transverse plane, Eq. 7.63, 



-V 



The results of the analyses for Si = St_ = 24 rain are tabulated below. 



(m/s) 



4 D 



(W/nf-K) *° C) 



q 

(W) 



(°C) 



£6) 



24 



1.723x104 



216 



314 



7671 



47 6 



(b) The pressure drop across the tube bundle follows from Eq. 7.69, 
ip = N L ^(pV n \ ax /2jf 

where the friction factor, f. and correction factor, are determined from Fig. 7.13 using K.erj,nLix 
x 10 4 , 

f=0.2 z=l 
Substituting numerical values. 



(7) 

= 1.723 



Ap = 3xl 



171 kg/m 3 x(24 tn/s) 2 /2jx0.2 



Ap=195N/iri < 

The fan power requirement is 

P = VAp = VN-pSjLAp (S) 

P = 12 m/sx4x 0.024 rnx 0.250 nix 195 N/m 2 

P=56W < 

where V is the volumetric flow rate. For this calculation, p in Eq. (7) was evaluated at T m . 

(c) For a single element in cross flow, the average convection coefficient can be estimated using the 
Churchill-Bernstein correlation, Eq. 7.54. 

n 4/5 



— h n D 0 62 ReT^Pr 1 3 
Nu n =-!^=0.3 + 2 

l> L r -.--A/4 



l+(0.4/Pr) 2/3 ] 



1 + 



,282,000 



where all properties are evaluated at the film temperature, Tf = (T; + T 0 )/2. The results of the calculations 



Re D =4269 



Niij-j j = 33 .4 h D .i = 1 06 W / m 2 - K 



Continued 
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PROBLEM -.8" (t out.) 



For the isolated element, lijj ] = 1 06" W / m - K, compared to the average value for the array, 

hp = 216 W / m ■ K. Because the first row of the array acts as a turbulence grid, the heat transfer 
coefficient for the second and third rows will be larger than for the first row. Here, the array value is 
twice that for the isolated element. 

(d) The effect of increasing the longitudinal and transverse pitches to 30 mm, should be to reduce the 
outlet temperature, heat rate, and pressure drop. The effect can be explained by recognizing that the 
maximum Reynolds number will be decreased, winch in turn will result in lower values for the 
convection coefficient and pressure drop. Repeating the calculations of part (a) for Sl = St = 30 mm 
find 

(nr's) (W/m" -K) (^C) (W) (^C) 

12 l.-o" ■ 10 4 So". 7 193 317 6925 41.3 

and part (b) for the pressure drop and fan power, find 

f = 0.18 x = 1 Ap = 122 N / in 2 P = 44 W 
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PROBLEM 7.88 



KNOWN: Surface temperature and geometry of a tube bank. Velocity and temperature of air in 
cross- flow. 

KIND: (a) Air outlet temperature, (b) Pressure drop and fan power requirements. 
SCHEMATIC: 

* * CK Tube t T)-30mm 



V=ISwfs 

T^ooK-Ti 



o 
o 
o 

o o 



T S =373K 



O 



ASSUMPTIONS: ( I ) Steady-state conditions, (2) Negligible radiation, (3) Air pressure is 
approximately one atmosphere, (4) Uniform surface temperature. 

PKOPK R UES: Table A-4, Air (300 K, 1 atm ): p 1.1614 kg/ m 3 , c p = 1 007 J/ kg- K, v = 1 5 .89 x 1 (f 
6 m 2 /s, k = 0,0263 W/m-K, Pr = 0.707: (373K): Pr - 0.695. 
ANALYSIS: (a) The air temperature increases exponentially, with 

;rDNh 



T o =Ts-(T s -Ti)exp 



{ pVNTSrCpj 



With V. 



30 m/s x 0.03 m 



Sj 60 m m 

max = 7 ~ V = 7r' 5 = ~™ ■ Re D,max - 7 ^ 

St"D 30 s s I5.89X10" 6 m 2 /s 



= 56,639. 



Tables 7.7 and 7.8 give C = 0.27, m = 0.63 and C? = 0,97. Hence from the Zuknuskas correlation, 
Nki D =0.27(().97)(56,639) 0,63 ( 0.707 ) 0M (0.707 / 0.695)' '' 4 =229 



h = Nu D k/D = 229x 0.0263 W/m ■ K/0.03 m = 201 W/rn^ K. 



Hence, 



T 0 = 373K - (373 - 300) K exp 



n x 0.03 mx 70x201 W/m" ■ K 



, 1.1614 kg/m x 1 5 m/sx 7 x 0.06 m x 1007 J/kg K j 



T 0 =373K-73Kx0.835 = 312K = 39 C, 

(b) With RfiD,max = 566 * l ° 4 - I*l = 2. (Py ~ ] ) f ( p L - 0= U Fig. 7.13 yields fa 0.19 and % = 1. 
Hence, 

.1614 kg/m J x(30 m/s) 2 
2 



Ap = bi L z 









f = 10 


I 2 , 






V 



0. 19 = 993 N/m = 0.00993 bar. 



The fan power requirement is 

P = m a Ap/p = p V N T S T L Ap/p = 1 5 m/s x 7 x 0.06 m x 1 m x 993 N/m 2 = 6.2 6 k W . < 
COMMENTS: The heat rate is 

q = m a c p (T„ -Tj ) = />VN T S T L c p (T c -T; ) 

q = 1 . 16 14 kg/m 3 x I 5 m/s x 7 x 0.06m x I m x 1 007 J/kg ■ K (31 2 - 300) K = 88.4 kW. 
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PROBLEM 7.89 



KNOWN: Characteristics of pin fin array used to enhance cooling of electronic components. 
Velocity and temperature of coolant air. 

FIND : (a) Average convection coefficient for array, (b) Total heat rate and air outlet temperature. 
SCHEMATIC: 

~T S =3S0K 



T„j=300K 



* * * • 



100 mm, 



-550K 



ASSUMPTIONS : (1) Steady-state conditions. (2) Negligible radiation. (J) One- dimensional 
conduction in pins, (4) Uniform plate temperature, (5) Plates have a negligible effect on flow over 
pins, (6) Uniform convection coefficient over all surfaces, corresponding to average coefficient for 
flow over a tube bank. 



PROPERTIES: Air (300 K, 1 ami) p = 1.1614 kg/m , Pr = 0.707, c^ = 1007 J/kg-K, ji = 1S4.6" x 
-7 

10 kg's ■ m, k = 0 . 0263 W/'mK. Aluminum (given) : k = 240 W/m- K. 
ANALYSIS: (a) From the Zhukauskas relation 

^^CRe^Pr^^P^/PrJ 1 "' 4 



(PWPr s ) 1/4 *l 



S T 



1 max 



S x -D 



-V = 



4-: 



-10 m/s = 20 nv's 



Re' 



D : niax 



1 . 164 kg'm x 20 m/s x 0.002 m 



= 2517 



154.6x10" kg's-m 
From Table 7.7 find C = 0.27 and m = 0.63, hence 

Nu D = 0.27(2517)° ^(0. 707 )°" 36 =33.1 
h=m D l=33.1x° 0263W/m - K =435W.K. 



D 



0.002 m 



(b) If T E = 350 K is taken to be the teniperanire of all of the heat transfer surfaces, correction must be 
made for the actual temperature drop along the pins. This is done by introducing the overall surface 

efficiency r\ 0 and replacing hA by hA t ?7 0 . Hence, to obtain the air outlet temperature, we use 



t;-t q 



= exp 



f — \ 



where 



Continued 
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PROBLEM 7.S9 (Coiit.) 



A t = N(*DL) + 2W 2 - 2N(xD 2 / 4j 

A t = 625 (a- x 0.002 mx 0.1 m) + 2(Q.l m) 2 -2x625^(0.002 m) 2 / 4 = 0.409 m 2 
Alio 7] 0 = l—^-(l — r/f) where ^ is given by Eq. (3.86). With symmetry about the 

midplane of the pin, qf = M tanh (uiL/2). Hence 

(h,TDk,TD 2 /4) 1 '^t a nh(u^2) X3nk(mU2 ) 

m - 



'l max 



h,TD(L'2)^ 



(MdD) L " : 



or, with m 

i = 



hM>/(brD 2 /4jj =2(hM>f l: 
tanh(mL/2) 



m = 2 



mL/2 



435 W/m z ■ K 
240 W/m -Kx 0.002 m 



,1 2 



-■ 60.2 in 



m 



3.01 



T 1 : 
■=0.331. 



mL/2 = 60.2 in > 0.05 m = 3.01 arid tanh (niL'2 ) = 0.995 
0.995 



625 x,t (0.002 mlf'O.l m) 
Hence. ?fe=l- ^(1- 0.33l} = 0.357 

0.409 in 2 

m = pVLN x S T = 1 1614 kg / m 3 (10 m/s } 0. 1 m (25 )(0.004 m) = 0. 1 1 6 kg's. 
Now evaluating the air outlet temperature, 



T s -T- 



= exp 



435 W/m" -K >: 0.409 ra' x 0.357 
0.116 kg/sx 1007 I/kg K 



= 0.581 



T 0 = T. - 0.581 (T^ -T; ) = 350 K -0.581 ( 50 K) 



T c =321 K 



The total heat rate is 

q = mcp (T 0 - T- ) = 0. 1 1 6 kg/s (l 007 J/kg K) 21 K = 2453 W < 

COMMENTS: (1) The average surface heat lux which can be dissipated by the electronic 
components is 



AT 0 -AT- 



122.650 W/m . or 12.3 W.'cm . (2) To check the numerical results, compute 
29K-50K 



ln(AT 0 /AT-) In (29/50) 



= 38.6K 



Hence q = hA t ?7 0 AT/ m = 43 5 W/m 2 K x 0.409 m 2 x 0.35 7 x 38.6 K = 2449 W. 
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PROBLEM 7.90 



KNOWN: Dimensions and properties of chip, board and pin fin assembly. Convection conditions for 
chip and board surface. Maximum allowable chip temperature. 

PTND: Effect of design and operating conditions on maximum chip power dissipation. 

SCHEMATIC: 



W= 12.7 mm 



Chip(T c = 
Board (K b = 1 W/m-K) 



V^Q mis 
Tj = 20 °C 



NX N in-line copper pin 
array (ND £ 9 mm,] 



= 0.005 m 



7^=20^ _ 



ASSUMPTIONS: (1) Uniform chip temperature, (2) One-dimensional conduction in pins, (3) Insulated 
pm tips. (-) Negligible radiation, (5) Uniform convection coefficient over pin and base surfaces. 

PROPERTIES: Table A.1, copper (T « 340 K): kj, = 397 W/m-K Table A.4, air: properties evaluated 
usmg IHT Properties Tool Pad. 

ANALYSIS: The chip heat rate may be expressed as 



1c = 



[R ti£+ (L b /k b ) + (l/h b )j 



-It 



where Ac = W" and q, is the total heat rate for the fm array. This heat rate must account for the variation 

of the air temperature across the array. Hence, the appropriate driving potential is 

iT lm = [{T c -Tj ,) _ (T C - T 0 )]/ln[( ,T C -Tj )/( T. -T 0 )] . However, the total surface area must account 

for the finite pm length and the exposed base (prune) surface. Hence, from Eqs. 3.101 and 3.102. with 
AT] a replacing &t, 



It = hAfffcATto 

J 

where A t = N A f + A b : A b = A c 

y 2 A f 



-N 2 .Ap =c 



A. 



)C = ,tD 2 f 



4 and 



la =1- 



A. 



-0-*) 



Tor an adiabatic tip. Eq. 3.95 yields 
tanh niLp 

m 



niL,, 



where m = (4h/kpDp ( " . The air outlet temperature is given by the expression 



T c -T 0 



= exp 



hAt'/o 



Continued.. 
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PROBLEM ".90 (Cont.) 



where m= pVWL^ and h is obtained from the Zukauskas correlation, 



a/4 



Nu D = C 2 C Re^ max Pr u ie ( Pr/Pr, )' 

The foregoing model, including the convection correlation was entered from the keyboard into the 
workspace of IHT and used with the Properties Tool Pad to perform the following parametric 
calculations. 




5 6 7 
Velocflf. Viir.'i) 



■ N - E 

■ N - E 
• H-4 



■rr 

i- 

r 




Velocity. V(rr.'s; 



- N - J. ; -2.2E.mm 
■ N - i, 3 - LSDmrn 



Remaining within the limit XD ? < 9 mm, tliere is clearly considerable benefit associated with increasing 
N from 4 to 6 for D ? = 1.5 mm or with increasing D p from 1 .5 to 2.25 mm for N = 4. However, the best 
configuration corresponds to N = 6 and D, = 1.5 mm (a Larger number of smaller diameter pins), for 
which both A- and h are approximately 50% and 20% larger than values associated withTv = 4 and D ? = 
2.25 mm. "The peak heat rate is q- = 64.5 W for V = 10 m/s._ N = 6, and Dp = 1 .5 : 



COMMENTS: (1) The heat rate through the board is only q-j = 0.295 W and hence a negligible portion 
of the total heat rate. (2) Values of C = 0.27 and m= 0.63 were used for the entire range of conditions. 
However, Reu^x. was less than 1000 in the mid to low range of V, for w r hich the correlation was therefore 
used outside its prescribed limits and the results are somewhat approximate. (3) Using the IHT solver, the 
model was implemented in three stages, beginning with (i) the correlation and the Properties Tool Pad 
and sequentially adding (ii) expressions for q : and (T. : - T <,).'( T, : - Tj) without and (ni) inclusion of r\ 0 
in tlie model. Results computed from one calculation were loaded as initial guesses for the next 
calculation. 
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PROBLEM 7,91 



KNOWN: Tube geometry and flow conditions for steam condenser. Surface temperature and pressure 
of saturated steam. 

FEND: (a) Coolant outlet temperature, (b) Heat and condensation rates, (c) Effects of reducing 
longitudinal pitch and change m velocity. 



SCHEMATIC: 



S L = 60, 30 mm {N L = 20, 40) 



V=4m/s 



T, = 300 K 



o 
o 



o 
o 
o 



S T = 30min{N r = 20) 



Q. . . 




p = p sa ^ = 2.455 bars 



D = 20 mm. L =2 m 
T s = 390 K 



ASSUMPTIONS: (1) Steady- state. (2) Negligible radiation. (3) Negligible effect of temperature change 
on air properties, (pans a and b), (4) Applicability of convection correlation outside designated range. 

PROPERTIES: Table A.4, air (Ti = 300 K): p = 1.16 kg/m 3 , c p = 1007 J/kgK, v = 15.89 x 10" s nr/s, k 
= 0.0263 W/m-K. Pr = 0.707. (T, = 390 K): Pr = 0.692. Table A. 6, saturated water at 2.455 bars: h fi = 
2.1S3 :< 10 s J/kg. 

ANALYSIS : (a) From Section 7.6 of the textbook. 

jrDNh 



T o =T S -(T B -T i )exp 



pYN T S T c p , 



With 



V„ 



S 30 

5— V= — 4m/s = 12m/s 
"10 



Re 



D.max 



V max D 12m/s(D.02m) 



15.89x10 6 m 2 /s 



= 15.10- 



Using the Zhukauskas correlation outside its designated range ( S T /S L =0.5 ) . Table 7.7 yields C = 0.27 
and m = 0.63 . Hence, with C- = 1 . 

A l/4 

= 103 

V. 0.6927 

h = Nud (k/D) =103 (0.0263 W/m-K/0.02m) =135 w/in 2 K 



Xu D = C Reg. mas Pr 0J6 (Pr/Pr, f 4 = 0.27 (15,104)° " (0.707) 



0.36 [ 0.707 



T D = 390K-(90K)exp 
(b) Withq = q'L. 



^-(0.02 m) 400 f 135 w/ra 2 - K) 
. 16 kg/m 3 (4m/s) 20(0.03m)l007J/kg ■ K 



= 363K 



< 



Continued.. 
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PROBLLM^.91 (font.) 

q = N"(£TDLAT Jm ) 

where 

(T S -T)-(T,-T 0 ) (90-27JK 
^Ti m = — — V 1 s , °- =± 7 52.3 K 

Hence q = 4O0 [ 1 3 5 w/m 2 K J * (0.02m) 2 m (52.3 K) = 355kW < 
The condensation rate rs 

Hicaid-T^ = 0.1(53kg/s < 

h f s 2.183x10 j/kg 

(c) For Sl =0.03 m, Nl = 40 and N = S00, using IHT with the foregoing model and the Properties Tool 
Pad to evaluate air properties at (T - T 0 ). : 2, we ohtain 

T 0 =383.6K, ATta-31.CC. q-414kW. m coud = 0.190kg/s < 

As expected, q and m cori d increase with increasing h\. However, due to a corresponding increase in T 0 , 

and hence a reduction in AT] m! the increase is not commensurate with the two-fold increase in surface area 
for the tube hauk. 



The effect of velocity is shown below. 




VetKly. Vim's; Uebcty. Vims) 



The hear rate, and hence condensation rate, is strongly affected by velocity, because in addition to 
increasing h , an increase m V decreases T 0l and hence increases iT^. 

COMMENTS: (fj The calculations of part (a) should be repeated with air properties evaluated at (T + 
T(,)/2. (2) the condensation rate could be increased significantly by using a water-cooled (larger h), 
rather than an air-cooled, condenser. 
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PROBLEM 7.92 

KNOWN: Geometry of air jet impingement on a transistor. Jet temperature and velocity. Maximum 
allowable transistor temperature, 

FIND: M axi mu m al lowablc operat i ng power. 

SCHEMATIC: 

T = 1S°C K-^-D--i^ f 

85°C ^^^.P— L 

<> ///////// - 

Uf >l— D^=i^7T7W (r = 0777 777; 

ASSUMPTIONS: { 1 } Steady- state conditions, (2) Isothermal surface, {3} Bell-shaped nozzle, (4) All 
of the transistor power is dissipated to the jet. 

PROPERTIES: Table A-4, Air(Tf = 323 K, I atm): v = 18.2 x K)" 6 m 2 /s, k = 0.028 W/m-K, Pr 
0.704. 

ANALYSIS: The maximum power or heal transfer rate by convection is 

Pmax = q ma x /4)(T a -T e . 

For a single round nozzle, 



Pr 042 



= 0(A r , N/D)F|(Rc} 



where A r - D 2 /4i 2 - 0.04 and 



G-ZA^ '- 2 - 2A ^ r ^2(0.04) 1/2 ■- 2 - 2( °-° 4)1/2 =0.233 
1 + 0.2(H / 1) - 6) A}' 1 1 + 0.2(5 -6X0.04) 1 ' 2 



With 



V,D (20 m/s) 0.002 m 
Rc = = ^ = 2 1 98 

" l8.2xl0' G m 2 /s 
F, = 2Re 1/2 (l+0.005Re 0 - 55 )' 2 =2(2198)''' 2 + 0.005 (21 98) 0 - 55 J' 2 = 108.7 

Henee h = -GF, Pr 0 ' 42 = W/m ' K (0.233)( 108.7) (0.704 )°' 42 = 306 W/m 2 ■ K 

D 0.002 m 

Hence P max = ^306 W/m 2 ■ k}(*/4)(0.01 m) 2 ^70 c) = 1 .68 W. 

COMMENTS: ( 1 ) All conditions required for use of the correlation are satisfied. 

(2) Power dissipation may be enhanced by allowing for heat loss through the side and base of the 
transistor. 
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PROBLEM 7.93 



KNOWN; Dimensions of heated plate and slot jet array. Jet exit temperature and velocity. Initial 
plate temperature. 

FIND: Initial plale cooling rate, 

SCHEMATIC: 

W^HnhS^^ L-l 



V e =30m/s) J 



m 




T 



H- 200mm 



ASSUMPTIONS: (a) Negligible variation in li along plate, (b) Negligible beat loss from back surface 
of plate, (c) Negligible radiation from front surface of plate. 

PROPERTIES: Table A-I, A1SI 304 Stainless steel (1200 K): k = 28.0 W/m-K, c p = 640 J/kg-K, p = 
7 W0 kg/m ; Tabic A-4, Air ( T f = 800 K); v = 84.9 x I0~ m /s, k = 0.0573 W/m-K. Pr = 0.709. 

ANALYSIS: Performing an energy balance on a control surface about the plate, 

dn h(Ti-T e ) 

P V 



-qconv=-hA s (T i -T e ) = E st =/j(A s t)c p (dT/dt) i —J -■ 
For an array of slot nozzles, 

2Re 



Nu _j A 3/4 
3 



Pr 

where A r =W/S = 0.1 



12 3 



A ( . / A T Q + A T 0 I A r 



— 1 / 2 

A r,o -|60 + 4[(H/2W)-2] 2 | = {60 + 4(64)}"' 2 =0.0563 



Re = 



V 0 (2W) 30 m/s(0.02 m) 



84.9 xlO" 6 m 2 /s 



= 7067 



- 0.0573 W/m-K 2 



Hence. 



h = 



dt \ 



0.02 m 



(0.0563) 



3/4 



2 x 7067 
1,776 + 0.563 



2/3 



= 73.2 W/rrC-K. 



73.2 W/m ■ K(800 K) 



^7900 kg/m 3 J(640 J/kg-K)(0.008 m) 



= 1 .45 K/s. 



COMMENTS: ( 1 ) Bi = ht/k = (73.2 W/m -K) (0.008 m)/28 W/m K = 0.02 and use of the lumped 
capacitance method is justified. 

(2) Radiation may be significant. 

(3) Conditions required for use of the correlation are satisfied. 
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PROBLEM 7.94 

KNOWN: Air at 10 mi's and 15 S C i* available for cooling hot plastic plate. An array of slotted 
nozzles with prescribed width, pitch and nozzle-to-plate separation. 

FIND: (a) Improvement in cooling rate achieved using the slotted nozzle arrangement in place of 
turbulent air in parallel flow over the plate, (b) Change in heat rates if air velocities were doubled, (c) 
Air mass rate requirement for the slotted nozzle arrangement. 

SCHEMATIC: 

W*4mm-\ H- K H S^Bmnff 

UariQmfa / r J K =l40X 4> 

^77777777777777777^7 Slotted Tiollfe arrangement 

ASSUMPTIONS: (1) Steady-state conditions. (2) For parallel flow over plate, flow is turbulent (3) 
Negligible radiation effects. 

PROPERTIES: Table. A-4, Air (Tf = (140 + 15)°C/2 = 350 K, 1 atm) p = 0.995 kgitn, v = 20.92 x 
10" 6 m\ k = 30.3 x 10" 3 W/m-K, Pr = 0.700. 
ANALYSIS: (a) For turbulent flow over the _pj'cjj*e of length L with 
r?l = u^L = lOm/sxajm = , ^ ^ ^ 
v 20.92 x 1 0~ 6 nti% 
using the turbulent flow correlation, find 

_El — - / r,4is 



Nul= — = 0.037Re 4 j /5 Pr 1/3 = 0.037 (2.390 xlO 5 ) (0.700) 1/3 = 659 6 

h = NuLk/L = 65S 
For an array of 5/0/ nozzles. 



h = NuLk.'L = 659.6x0.030 W. m ■ K/0.5 m = 39.6 W/m 2 - K. 



Nu = = — A. 



k 3 



r,o 



2 Re 



A r /A r _ 0 +A r _ 0 /A r 



2 3 

Pr 0 " 42 



V P Di, 10 m/s (2x0.004 m) 
where Re = c h = — - — '- = 3 82.4 

v 20.92 < 10" 6 m 2 /s 



n2 r 1/2 f ^1" 1/2 
A r,o = 60 + 4[(H/2W)-2] = 60 + 4 [40/ 2x4-2]" | =0.1021 

A r = W/S = 4 mm 56 mm = 0.0714 



2x3824 



2/3 



Nu = -( 0.1021 ) 3/ 4 

3' ' 1.0.0714/0.1021 + 0.1021/0.0714. 

h = Nuk/D h = 24.3 x 0.030 W/m - K72 x 0.004 m = 9 1 . 1 W/m 2 ■ K. 



n 4-9 

(0.700) =24.3 



Continued . 
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PROBLEM 7.94 (Com.) 

The improvement in heat rate with the slot nozzles (sn) over the flat plate (fp) is 



<lsn 



1 m 



91.1 W/m-K 



lip h fp 39.6 W/m-K 



= 2.3. 



(b) If the air velocities were doubled for each arrangement mpart (a), the heat transfer coefficients are 
affected as 



Hence 



h sn - Re' 



^ = 2.3 
h fp 



2/3 



hfp - Re 



4/5 



.4/5 



= 2.1. 



That is. comparative advantage of the slot nozzle over the flat plate decreases with increasing velocity, 
(c) The mass rate of air flow through the array of slot nozzles is 

m = pNA c e = 0.995kg.'m 3 x9 (0.5 mx 0.004 mJlCWs = 0.179kg/s 

where the number of slots is determtued as 

N*L''S = 0.5m/0.056m = 8.9*9. < 

COMMENTS: Note, for the slot nozzle, the hydraulic diameter is Y\ = 2W and the relative nozzle 
area (A^e/A^n) is A r = W/S. 
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PROBLEM 7.95 



KNOWN: Air jet velocity and temperature of 10 nv's and 15°C 7 respectively, for cooling hot plastic 
plate.. 

FIND: Design of optimal round nozzle array. Compare cooling rate "with results for a slot nozzle 
array and flow over a flat plate. Discuss features associated with these three methods relevant to 
selecting one for this apph cation. 



SCHEMATIC: 



1M K- 



r< — S — H 



L T e =lSX. l V € =JOm/s H 

Pound norz/tf array On-line or staggered) 

ASSUMPTIONS: (L) Steady- state conditions, (2) Negligible radiation effects. 

PROPERTIES: Table A-4, Air (T f = (140 + 15) 3 C/2 = 350 K, 1 atm): p = 0.995 ksim , v = 20.92 x 
10" nWs = k = 30.0 >: 10" W/m-K, Pr = 0.700. 

ANALYSIS: To design an optimal array of round nozzles, we require that T>h,op * 0.2H and S 0 p * 
1 .4H. Choose H = 40 mm, the nozzle-to-plate separation, lience 

D k.op = D = 0.2 x 40 mm = S mm S 0= = 1 .4 x 40 mm = 56 i 

For an array of round nozzles. 

Nu = K ( A f ,H/D ) ■ G (A r , WD ) ■ F 2 (Re ) ■ Pr 0 42 
where for an in-line array, see Fig. 7.17. 



A,= 



,tD z 



■\Z mm)" 



4S" 4(56 mm} 2 

-0.05 



■=0.0160 



1 + 



H/D 



1 + 



40/8 



G = 2A, 



1 2 



1-2.2A, 



1 + 0.2(HVD-6)aJ' 



1/2 



,0.6/0.0160 ly2 

= 2xo.oieo 1 - , '- ! 



■■ 0.9577 



1-2.2x0.0160 



1+0.2(40/8- 6)0. 01 60 1 



12 



Q = 0.2504 



F 2 = G.5Re 



2ii 



0.5' 



10 m/sx 0.008 m 



2 3 



= 122.2. 



. 20.92 xlO" 6 m 2 /&, 

The average heat transfer coefficient for the optimal in- tine (op, il) array of round nozzles is. 

- — _ 0 030 W/m-K , c i- 

h op,il = Nu k'LVop = nnria _ x 0.9577 x 0.2504 x 122.2 (0.700) 



0.00S m 



h Dp>il =94.6W/m 2 -K. 



Continned 
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PROBLEM 7.95 (Cont.) 

If an optimal staggered (op,s) array were used, see Fig. 7.17, with 

A r = = »*( 8 ™) 2 =0.0185 

2(3) 1/2 S 2 2(3) 1/2 (56 mni) z 

fmd K = 0.9447, G = 0.2632, F 2 = 122.2 and h op 3 = 100.0 W/m 2 ■ K. 

Using the previous results for parallel flaw (pf) and the slot nozzle (sn) array, the heat rates, winch are 
proportional to the average convection coefficients, can be compared. 



Arrangement 


Flat plate 
(fp) 


Slot nozzle 

C»n) 


Optimal round 
In-line (il) 


nozzle (op) 
Staggered (s) 


h, W/m 2 - K 




91.1 


94.6 


100.0 




1.0 


2.30 


2.39 


2.53 


m, kg/s 




0.199 


0.040 


0.046 



For these flow condition?, we conclude that there is only slightly improved performance associated 
with using the round nozzles. As expected, the staggered array is better than the in-line arrangement 

since the former has a higher area ratio (Aj). The air flow requirements for the round nozzle arrays are 
rh = ^NA c e V e = pi A s ■■ A cell ) A c e V e = pA f A s V e 

where N — Aj.' A^^j] is the number of nozzles and A ; _ is the area of the plate to be cooled. Substituting 
numerical values, find 

™op,il = °- 995 k S /m3 * 0.0160^0.5 x 0 5 m 2 J < 10 m/s = 0.040 kg/s 

m op,s = k &' m3 x0.01S5[o.5 * 0.5 m 2 JxlO m/s = 0.046 kg/s. 

Fortius application, selection of a nozzle arrangement should be based upon air flow requirements 
(round nozzles have considerable advantage) and costs associated with fabrication of the arrays (slot 
nozzle may be easier to form from sheet metal). 
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PROBLEM 7.% 



KNOWN: Fxit diameter of plasma generator and radius of jet impingemenl surface. Temperature and 
velocity of plasma jet. Temperature of impingement surface. Droplet deposition rale. 

FIND: Rate of heat transfer to substrate due to convection and release of latent heat. 

SCHEMATIC: 

D = 10mm 



Droplets I \^ ™ as ™& , T tn nnn „ 
5 \/ iJf V g = 400 m/s, T e = 10,000 K 
H = 1 00 mm ™ " p = 0.02 kg/s-rn 2 k = 0 .671 W/m K, v =5.6 x 1 0" 3 m 2 /s 



1 



/i rf = 3.577 x10 6 J/kg Pr=060 



Substrate . 
r s = 300 K 



q\ | _ *j r=25mm 

i 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2) Negligible radiation, (3} Negligible sensible energy 
change due to cooling of droplets to T s . 

ANALYSIS: The total heat rate to the substrate is due to convection from the jet and release of the latent 
heat of fusion due to solidification, q = q ro , n + qi-, t . With Re = VJD/v = (400 nVs lO.O I m/5.6 x 10"" 1 m 3 /s = 
714,A r =D 2 /4r*=0.04, and H/D = 10, F, =2Re ia (] +0.005 Re 055 f 1 = 58.2 andO = 

2A* 2 (1 - 2.2 A] 2 )l [l + 0.2(H/ D - 6)A*' 2 ] = 0.193, the correlation for a single round nozzle (Chapter 
7.7) yields 

Nu =GF| Pr 042 =0.1 93(58.2 )(o.60°' 42 ) = 9.07 

h = Nu"(k/D) = 9.07 (0.67 1 W/m - K/0.0 1 m) = 609 w/ m 2 • K 

Hence, 

q =hA s {T e -T s ) = 609 w/m 2 -Kx;r(0.025m) 2 (i0, 000 -300 )K = 11,600 W < 
The release of latent heat is 

qi at = A s rii p h sf = n (0.025m) 2 (o.02 kg/sm 2 j 3.577 x 10 6 J/kg = 140 W < 

COMMENTS: ( I ) The large plasma temperature renders heal transfer due lo droplet deposition 
negligible compared to convection from the plasma. (2 ) Note that Re = 714 is outside the range of 
applicability of the correlation, which has therefore been used as an approximation to actual conditions. 
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PROBLEM 7.97 



KNOWN: Dimensions of a stainless steel coupon. Plasma side heat flux due to plasma jet 
impingement and solidifying particles. Particle mass flux. Air side jet diameter and standoff 
distance, air exit velocity and exit temperature. 

FEND: (a) Thickness of ceramic coating at the moment the coupon melts for the situation when 
the back side is insulated, (b) Whether jet impingement cooling on the back side will significantly 
increase the coating thickness that can be deposited. 



SCHEMATIC 




^=609 Wrtii^K 
(?= 140 W 



ASSUMPTIONS: (1) Negligible radiation heat transfer. [2) Coating Layer has negligible 
insulating capability. (3) Constant properties. 



PROPERTIES: Table A. 1 , stainless steel: ( T = (T m +■ Tj)/2 = (1 670 K + 300 K>'2 = 985 K): p = 
7900 kgm\ k = 25.2 Wiii K, c = 609 J/kg-K. Table A. 4 air: ( T f = (300 K + 1(570 K)/2 = 985 K): 



v = 119 >: 10" 6 m : /s. k = 0.06598 W/m-K, Pr = 0.7251. 



ANALYSIS: 

(a) The Biot number is Bi = hpL c /k c =609 W/m 2 K 3 * 10" 3 m/25.2 W/m ■ K = 0.073 < 0. 1 

Therefore, lumped capacitance approach is valid. Using the General Lumped Capacitance 
approach and Equation 5.25. 

a = VWp c V c c c = h p /p c L e c E 

= 609 W/m 2 -K/(7900kg/m 3 x 3 x 10" J m x 609 J/kg-K) = 42.19 x 10~ 3 s" 1 

=140 w/(7900 kg/m 3 x 3 * 10" 3 m x n x (25 x 10" 3 m) 2 x 609 J/kg-K) = 4.94 K's 
Substituting into Equation 5.25 yields 



Continued. 
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PROBLEM r .9 r (Coat.) 



1(570 - 10,000 , ,„ ,„ ,„. 3 i \ . 4.94 K/s/42. 19 * 10" 3 s"' 

: = exp - 42.19 x 10 *s x x t i 

300-10,000 ; 300- 10,000 

1 -exp(- 42.19 x 10" 3 s" ] xt) 

which may be solved by trial-and- error or by using a software package To yield 

t = 3.56 s 
Tlie coatiaa tluckness is 

1™,= t x rii'/p^ = 3.56 s x 0.02 fcg/s ■ ni 3 /3°70 kg/ni 3 = 17.5 * lO^m =17 um 



< 
< 



(b) Equation 7.75 is 
Nu 



Pr' 



0.4: 



= G[2 Re 1Q (l + 0.005 Re 0 " 55 )" 2 ] 



where 



G=2 Aj ; ' 2 



1 - 2.2 A* - 



Re= ^g = 30^xLO,io^ m=252i 



1 + 0.2 (Hv'D - 6) Aj 72 ' v 0.0001 1 9 m 2 /s 

Aj = D^Mr 2 = (10 x 10" 3 m) 2 /[4 k (25 x 10-3 m)'] = 0.040 
Therefore, 



G = 2 ■< (0.040) 1 ' 1 * 



1 - 2.2 V0.040 



1 + 0.2 (50 x 10" 3 m/10 x l0- 3 m - 6) Vo.040 



= 0.233 



r 0.06598 W/m- K 

h = = x 0.233 

10 x 10"' m 

h = 1573 W/m 2 K 



2^2521 (1 +0.005 x 2521° 55 f~ jO.7251 0 - 42 



Nbte that when the coupon is at its melting temperature the plasma side heat rate is at its 
minimum value aad the air side heat rate is at its maximum value. The plasma side heat rate is 
q p =iyMT p -T m ) + q p A^ 

q p =609W/m 2 -Kx jtx(25 x 10" 3 m) 2 x (10,000 - 1670) K+ 140 W= 10,100 W 
The air side heat rate is 

q a = hA^ c (T E . a - T m ) = 157.9 W/m 2 ■ K x it x (25 x 10" 3 m) 2 x (300 - 1 670) K = - 425 W 

We see the air side heat flux is only 4% of the plasma side value. The scheme will not lead to a 
significantly increased coating thickness. < 

COMMENTS: (1) la Part (a) we see the coating thickness is only 1S% of the desired value. This 
is not acceptable. (2) The coating might be cooled with a liquid in order to provide a sufficiently 
high heat transfer coefficient to be able to apply the desired coating thickness. (3) The ceramic 
layer will serve as an insulating banner, and will extend the spray duration (4) Typically, the 
plasma torch is swept back- and-forth to deposit relatively thick ceramic coatings. 
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PROBLEM -.98 



KNO\YX: Around nozzle with a diameter of 1 tan located a distance of 2 nim from the surface 
mount area with a diameter of 2.5 mm; air jet lias a velocity of 70 m/s and a temperature of 5Q0°C. 

FEND: (a) Estimate the average convection coefficient over the area of the surface mount, (b) 
Estimate the time required for the surface mount region on the PCB. modeled as a seim-irsfinite 
medium initially at 25°C, to reach 183 D C: (c) Calculate and plot the surface temperature of the surface 
mount region for air jet temperatures of 500, 600 and 700°C as a function time for 0 < t < 150 s. 
Comment on the outcome of your study, the appropriateness of the assumptions, and the feasibility of 
using the jet for a soldering application. 



SCHEMATIC: 

H =2 mm 



D ■ 1 mm — >| ! k — 



T e = 500°C, V„ = 70 m/s, 
Surface-mount region (Solder joint) 



t: 



Printed-circuit board (PCB) 



2r a = 2.5 mm — * K — 



ASSUMPTIONS: (1) Air jet is a single round nozzle, (2) Uniform temperature over the PCB surface, 
and (3) Surface mount region can be modeled as a one-dimensional semiinfmite medium. 

PROPERTIES: Table A-4, Air (Tf = 53d K, 1 atm): v = 4.36 x 10" 5 m 2 /s, k = .0497 W/mR, Pr = 
0.6833; Solder (given): p = 8333 kg/nr\ c p =188 J/kg-K. and k = 51 W.'m-K; eutectic temperature, T^j 
= 183°C; PCB (given): glass transition temperature, iy = 250°C. 

ANALYSIS: For a single round nozzle, from the correlation of Eqs. 7.75 and 7.86, estimate the 
convection coefficient, 

Kl -G^.^(Rr) Nii^ (U) 

where 



p r 0-42 ^ D ' D ) ! ' ' k 
.1/2/, , „ ™v S o_0.55 sl " 



Fl =2Re 1;z (1 + 0.005 Re 0 **] (3) 

G = 2A]I2 1-2.2A^ n 
l + 0.2(H/D-6)A r ''- 

A r =D 2 /4r<? (5) 
The Reynolds number is based on the jet diameter and velocity at the nozzle, 

Re D =V e D/v (6) 

and r ; is the radius of the region over which the average coefficient is being evaluated. The 

thermophysical properties are evaluated at the film temperature, Tf = (T e - T\)/2. The results of the 
calculation are tabulated below. 

Continued 
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PROBLEM 7 .98 (Cont.) 



1605 



Fi 

91.01 



G 

0.1412 



0.16 



Nu 
10.95 



h(W/m Kj 
470.5 



Consider the surface mount region as a semi-infinite medium with solder properties, initially at a 
uniform temperature of 25°C, that experiences sudden exposure to the convection process with the air 

jet at a temperature T E = 500 S C and the convection coefficient as found in part (a). The surface 
temperature, T(0,t). is determined from Case 3, Fig. 5.7 and Eq. 5 60, 



T(0,t)-Tj _ t 



Too-Ti 



exp 



h at 



xerfc 



fh(at) 1/2 ^ 



■ 



(?) 



where a = k-'pcp. With Tj = 25°C and T*, = T e , by tmal-and-error, oi by using the appropriate IHT 
model, find 

T{0,t o ) = lS3°C t„= 40.1b < 

(c) Using the foregoing relations in IHT, the surface temperature T{0,t) is calculated and plotted for jet 
air temperatures of 400, 500 and 600°C for 0 < t < 40 s. 



i- 



fi 



3DD 



2DC- 




15D 



Elapsed tirre, t (s} 



Tmp = 183 C 
Te = 5DC C 
Te = S)DC 
Te = 70GC 
Tgl = 25C C 



The effect of increasing the jet air temperature is to reduce the time for the surface 
temperature to reach the solder temperature of 1SJ°C. With the 7Q0°C air jet. it takes about 
14 s to reach the solder temperature, and the glass transition temperature is achieved in 35 s. 
The analysis represents a first-order model giving approximate results only. While the 
estimates for the average convection coefficients are reasonable, modeling the surface 
mount region as a semi-infinite medium is an over simplification. The region is of limited 
extent on the PCB : which is thin and also a poor approximation to an infinite medium. 
However, the model lias provided insight into the conditions under winch an air jet could be 
used for a soldering operation. 

COMMENTS: (1) Note that for our application, the round nozzle correlation of part (a) 
exceeds the ranges of validity. 

(2) The jet convection coefficient is not strongly dependent upon the air temperature. 
Values for 500, 600, and 700 ; C. respectively, are 464, 471, and 458 W/m"-K. 
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PROBLEM 7.99 

KNOWN: Diameter and properties of aluminum spheres used in packed bed. Porosity of bed and 
velocity and temperature of inlet air. 

FIND: Time for sphere to acquire 90% of maximum possible thermal energy. 
SCHEMATIC: 



Packed bed, c = 0.40 



Tg ti = 300°C 
V = 1 m/s 




Aluminum sphere 
D = 75 mm 
T, " 25°C 



ASSUMPTIONS: ( I ) Negligible heat transfer to or from a sphere by radiation or conduction due to 
contact with other spheres, (2 ) Validity of lumped capacitance method, (3) Constant properties. 



PROPERTIES: Prescribed, Aluminum: p = 2700 kg, m\ c = 950 J kg - K, k - 240 W m ■ K. Tabic 



A-4, Air (573K): p a = 0.609 kg / m 3 , c a = 1 045 J / kg • K, v = 48.8 x 10 6 m 2 / s, k a = 0.0453 W / m K, 



Pr = 0.684. 

ANALYSIS: From Eqs. 5.7 and 5.8a, achievement of 90% of the maximum possible thermal energy 
storage corresponds to 



Q 



= 0.9 = l-exp 



v r t J 



hA s t A 

= l-exp - 



pVc) 



where the convection coefficient is given by 



fj H =fStPr 2/3 =£ 



Pa Vc n,a 



Pr 2/3 =2.06Re D 0575 



With Rc 



VD / v = 1 m / s x 0.075m / 48.8 x 10 6 m 2 / s = 1537 



- 0.609kc/m xlm/sxl()45J/kR-K i„ 
h= jjt " =14.6W/m--K 

0.4( 0.684 f M 2.06(1537) 
Hence, with A c /V = 6/D, 



pcD, fnt , 2700 kg / m J x 950 J / kg - K x 0.075m x 2.30 
t - - _ In (0. 1 ) = - — 



6h 



5044 s 



6x 14.6 W/m ■ K 



COMMENTS: { 1 } With Bi = h (D 1 6)1 k = 0.001, the spheres arc spatially isothermal and the lumped 
capacitance approximation is excellent. (2) Before the packed bed becomes fully charged, the 
temperature of the air decreases as it passes through the bed. Hence, the time required for a sphere to 
reach a prescribed state of thermal energy storage increases with increasing distance from the bed 
inlet. 
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PROBLEM ".100 



KNOWN: Overall dimensions of a packed bed of rock?. Rock diameter and theimophysical 
properties. Initial temperature of rock and bed porosity. Flow rate and upstream temperature of 
atmospheric air passing through the pile. 

FIND : Rate of heat transfer to pile. 

SCHEMATIC: 



,*Ikgfs 



v L 



Ta 




- Hocks, Z=0.1Z 
Ta.o 



ASSUMPTIONS: (L) Rocks are spherical and at a uniform temperature. (2) Steady-state conditions. 

PROPZRTEES: Tabic A-4. Atmospheric air (T. x = 363K): v = 22.35 x 10" m /s, k = 0.031 W/m-K. 
3 

Pr = 0.70, p = 0.963 kgm = c p = 1010 J/ksK. 

ANALYSIS: The heat transfer rate may be expressed as q = hA p fATf m where the total surface area 
of the rocks is 



■(!-*) 



= (l - 0.42) (V(l m) 2 x 2 m/4j 6 / 0.03 m = 1 S2.2 



a:~ 



The upstream velocity and Reynolds number are 



V = 



p^D b /4 0.963 kg' m' 



4 x 1 kg: s VD f 1 . 3 2 m:'s x 0.03 m 
* =1.32 ui's Re D = = — - — = 1772. 

Wlm 2 v 22.35 x 10~ 6 m 2 /s 



From Section 7.8. it follows that 



s = eStPr '' = s 



pVc p 



-Pr"' = 2.06 Re 



-0.575 
D 



— 2.06 —~' ; 

h /:Vc 0 Rje D Pr 

£ V 



h =- 



0.42 



0.963 kg/m 5 x 1 .32 m/s x lOlOJ/kg ■ K ( 1 772 ) ( 0.70) " ' = 108 Wm £ - K. 



The appropriate form of the mean temperature difference, ATf| n _ may be obtamed by performing an 
energy balance on a differential control volume about the rock. That is, 
™a c p T a _m a c p (T a +dT a )-dq r = G 

where dqj- = hAp T dx(T a -T s ) and Ap t is the rock surface area per unit length of bed. Hence 



m a c p dT a =-hA^ t dx(T a -Tj 



dx 



(T a -T s ). 



Continued . 
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PROBLEM 7.100 (cout.) 

Integrating between mlet and outlet, it follows that 



hA^ hA p , 
Lb : 



fn 



hA pit 



With 

it follows that 



q = iii a c p ( T a;i - T a ;0 ) = m a Cp [(T 3ii - T 3 ) - (T 3i0 - T s )] 



q = hA p>1 



where 



AT 



lin 



"ln[(T a=i -T s )/(T a=0 - Ts )]" 
The aii outlet temperature may be obtained from the requirement 



T ae >- T s f hApt ) f 10SW/in 2 Kxl82.2 m 2 

■ = expi — ; — \ = expi — 



T aii -T s 



Hence 



uia c p f 1 kg/s x 1 0 1 0 J, kg ■ K 

T ao = 25°C + 65' : c[3.46>:L0" 9 | = 25 : 'C+2.25xl0" 7 °C 
T ao *T,=25 0 C. 

65°C-2.25xlQ~ 7 °C 



= 3.46x10 



AT; 



= 3.34 C 



fn^5°C/2.25xlCr 7 °Cj 



and q = lOSW/m 2 K (l 82.2 m 2 ) 3.34 : 'C = 65.7 kW. 

COMMENTS: (1) The above result may be checked from the requirement that q = 
m a c p (T a _ ; - T a 0 ) = 1 kg/s x 101 0 J/kg - K x 65*C = 65 .7 kW. 

(2) The heat rate would be grossly overpredicted by using a rate equation of the form 

q = fcA Pjt (T M -T s ). 

(3) The foregoing results are reasonable dunng the 
early stages of the heating process; however q would 
decrease with increasing time a? the temperature 
of the rock increases. The axial temperature distribution 
of the rock in the pile would be as shown for different 
times. 
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PROBLEM 7 101 



KNOWN: Dimensions of a pebble bed nuclear reactor. Dimension? of core and cladding of 
pellets. Porosity of the reactor and helium properties, inlet temperature, and upstream velocity. 
Graphite properties. Correlation for convective heat transfer from the spherical pellets in the 
packed bed. 

FIND: (a) Mean helium outlet temperature and amount of thermal energy generated per pellet for 
an overall thermal energy 7 transfer rate of q = 125 MW. (b) Maximum internal temperature of the 
hottest pellet. 

SCHEMATIC: 




£\ h m 2.S76Rfi5 , -l-a.3a23-RG^ I - J5 

V = 3.2 mfe. T, = 4SD"C, P =40 liars 

c p = 5193 J*a-K. k = D.3355 Wfm-K. p = 2.1676 kflfmf |j = 4.214 * Id" 5 
Fr= D.054 

ASSUMPTIONS: (1) Negligible radiation heat transfer. {2) One- dimensional heat transfer, (3) 
Uniform volumetric thermal generation inside the core, (4) Negligible contact resistance between 
core and cladding. 

ANALYSIS: 

(a) From the simplified steady- flow thermal energy equation of Chapter 1 we may write 
q=mc p (T 0 -Ti)=pAVc p (T 0 -T,) 

Thus 

T 0 =Ti +q/pAVc„ 

= 450°C + 125 x 10 6 Wy/( 2.1676 kg/m J x u x(Q.3 m/2)-* 3.2 ros * 5193 J/k ■ K) 
T 0 = 941°C < 
"The number of pellets in the chamber is 
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PROBLLM^.lOl (Coat.) 



N = (1 - 0.4) x {1.5m) : x 10 ra/j |x [(50 x 10~ 3 m+ 10 x 10~ 3 m)/2-jj 



N= 375,000 



The energy generated per pellet is 

E g = q/N = L25 x ID 6 W/3 75.000 = 333 W 



(b) The Reynolds number based on the pellet diameter is 

pV(D p + 25) _ 2.1676 kg'm 3 x 3.2 ra/s * (50 * 10" 6 m+ 10 x 10" 6 m) 



K.£ -j ■ — ■ 



Ren = 9S76 



4.214 x 10° kg's-m 



From the problem statement we know 

h „ ■>« 2.S76 0.3023 
- e Pr- = 



or 



Re r 



Re D 



0.35 



h- ^ 



2.S76 _ 0.3023 



Re D Re->' 



0.35 



^ = 2. 167(5 kgm * 3.2 m's x 5193 j.-kg ■ K y 



0.4 ■ (0.654) 



,2f3 



2.S76 

. 9S76 9S7<5° 



0.3Q23 1 
>876°- 33 _!~ 



14S0W/m 2 K 



A sphere at the exit of the chamber will be adjacent to the highest helium temperature and will be. 
in turn, the hottest. An energy balance about the single sphere yields 

q = hACT 3 -T.J or T 3 = + J- = T 0 - ■ 



T = 941 3 C + 



T, = 96"0.9 3 C 



hA " lm(D p + 25) 2 
333 W 



14S0 W/m 2 ■ K x K x (50 x 10" 3 m+ 10 * lO" 3 m ) 2 



The temperature at the inner surface of the cladding mav be found usina Equation 3.35 
4*KT U -T 3 ) 



t = 



1 



1 



(D p /2) (D p /2+5) 

1 1 



T M =T = +q 



(D p /2) [D p /2 - 5) 



/4irk 
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PROBLEM ".101 (Cunt.) 

r 



= 960 9°C + 333 W » 
T,, : = 1049 .2 C C 



25 x 10" 3 m (25 x 10" 3 m + 5 * 1<T 3 m) 



I(4k x 2W/m ■ K) 



The maximum tempera tore occurs at the center of the sphere at the exit plane. Beginning with 
The heat equation for the pellet, find 

dr 1 ., dr J k 

dr 3k 1 

T(r)=-fr 2 -^ + C 2 
6k r 



Applying boundary conditions, 



atr = 0, dT/drl „=0-» C, = 0 



at r = r p = By'2, ) = T aJ C 2 = T u 

T(0) = T J + — — 
1 ■ 24k 



6k 



For q = Eg.'V = E B /j j n(D p /2) 3 



q = 333W/| - x jt x (SO x 10" 3 m/2) 3 



q = 5.0? x 10 s W/m 3 



T(o)= 1049.2 C C- 



5.Q9 x 1Q 6 W/m 3 x (5Q x jCT 3 m ) 
24 x 2 W/m ■ K 



1314°C 



CO\DIENTS: (1) The maximum temperature is below the temperature associated with 
reduction in the thermal energy generation. (2) Helium is an excellent choice for the working 
fluid due to its high thermal conductivity 7 and extremely small nuclear cross section (He lium do^ 
not absorb gamma radiation. Therefore the helium that exists the chamber can be fed directly to a 
turbine as opposed to transferring thermal energy 1 from the helium to a second working fluid.) 
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PROBLEM 7.102 

KNOWN: Diameter and properties of phase-change material. Dimensions of cylindrical vessel and 
porosity of packed bed. Inlet temperature and velocity of air. 

FEND: (a) Outlet temperature of ail and rate of melting, (b) Effect of inlet velocity and capsule 
diameter on outlet temperature, (c) Location at which complete melting of PCM is first 10 occur and 
subsequent variation ot outlet temperature. 

SCHEMATIC: 




ASSUMPTIONS: (1) Negligible thickness (and thermal resistance) of capsule shell. (2) All capsules 
are at Tmp, (3) Constant properties. (4) Negligible heat transfer from surroundings to vessel. 

PROPERTIES : Prescribed, PCM : T = + D C. p = 1 200 kg ■ m'\_ h 3f = 1 6 5 kJ / kg. Table A-4 . Air 

(Assume (ij + T 0 )/ 2 = 17 D C = 290K ) : p s = 1 .205 kg .■' m i , c p = 1007 J / kg ■ K = v = 15.00 x lCT^m 2 fs, 
Pr = 0.71. 

ANALYSIS: (a) For a packed bed {Section 7.8), the outlet temperature is given by 

hAp, 



T o- T mp ( T mp T i) e31 P 

x /-a v A c.b c p , 

where A c b = jtD 2 1 4 = x( 0.40m 2 J 4 = 0. 1 26in^ and A p t }(V V ,' V c )^D 2 j-(l-e) 

( 1.5,7 L v D 2 r .'D c )= 0.5^1.5^x0.4m 3 .'0.0:in] = 3.02m~. With Re D = VD C tv= lm/ sx 0.0W15. 

g ^ 

x 10 m" 's = 3333. the convection correlation for a packed bed yields 



00 



£$1 =£bt Pr~' = £ 



h Pr 2/3 =2.06Re^- 575 



- 2.06 p a V c p 2.06 x 1 .208kg / m 3 x 1 ml s x 1007 J/ kg - K ^ ^ T 2 R 
~ £ Pr 3/3 Re^ 75 = 0.5(0.7l) 2/3 (3333)°- 575 



Hence. 



T 0 =4°C + (21 B C)«p -- 



55.4 W/m" Kx3.02m' 



3 



:10.5°C < 



^ 1.208 kg /in xlm,'s,x0.126m"xl007J/kg-K J 

The rate at which PCM in the vessel changes from the solid to liquid state. \l ( kg / s). may be 

obtained from an energy balance that equates the total rate of heat transfer to the capsules to the rate of 
increase an latent energy of the PCM. That is 
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PROBLEM 7.102 (Coiit.) 

where M is the total mass of PCM and 



" hA pt 



(Tmp-T,)-^-^) 



T. 



mp 



T i ) 



n T -1 4 1°C 

-59.4 W/m Z -K x 3.02 in ^ ^ ^ = 2220 W 



v T mp T o , 



Hence, M = q / h if = 2220 W / 165, 000 J / kg = 0.0134 kg / s 

(b) The effect of the inlet velocity and capsule diameter are shown below. 



? 

S 
I 

B 






16 -| 


1 


14 - 




12 - 


1 


10 - 


r 






8 - 


£ 






6 - 




4 - 



0.3 D.5 0.7 0.9 1.1 
I "lei ve ocity Villi's) 




Q.D1 



D .03 0.D4 D.05 a.oe 
Capsule dianeier. Dc-ln) 



0 IE. 



Despite the reduction m h with decreasing V, the reduction in die mass flow rate of air through die 
vessel and the corresponding increase in the residence time of an in the vessel allow it to more closely 

achieve thermal equilibrium with the capsules before it leaves the vessel. Hence, T c decreases with 
decreasing V. approaching T m p in the limit V —> 0. Of course, the production of chilled air m kg/s 
decreases accordingly. With decreasing capsule diameter, there is an increase in the number of 
capsules in the vessel and in the total surface area Ap - for heat transfer from the air. Hence, the heat 
rate increases with decreasing D c and the outlet temperature of the air decreases. 

(c) Because the temperature of the air decreases as it moves through the vessel, heat rates to the 
capsules are largest and smallest at the entrance and exit, respectively, of the vessel. Hence, complete 
melting will first occur in capsules at the entrance. After complete melting begins to occur in the 
capsules, progressing downstream with increasing time, heat transfer from the air will increase the 
temperatures of the capsules, thereby decreasing the heat rate. With decreasing heat rate, the outlet 
temperature will increase, approaching the mlet temperature after melting lias occurred m all capsules 
and they achieve thermal equilibrium with the inlet air. 

COMMENTS: (1) The estimate of To used to evaluate the properties of air was good, and iteration 
of the solution is not necessary'. (2) The total mass of phase change material hi the vessel is M = N c 

pV c =[(l-e)V„/V c ]/jtf c = (l - s) p L v ^s-dJ / 4j = (jt l "4)0. 5 x 1200kg fm 1 (0.4m) 3 = 30.2 kz. At 

the maximum possible melting rate of M = 0.0134kg/ s, it would therefore take 2250s = 37.5 min to 
melt all of die PCM in the vessel. Why would if in fact, take longer to melt all of the PCM 11 
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PROBLEM 7.103 



KNOWN: Diameter and properties of phase-change material. Dimensions of cylindrical vessel and 
porosity of packed bed. Met temperature and velocity of air. 

FEND : (a) Outlet temperature of air and rate o f freezing, (b) Effect of inlet velocity and capsule 
diameter on outlet temperature, (c) Location at which complete melting of PCM is first to occur and 
subsequent variation of outlet temperature. 



SCHEMATIC: 



D v = 0.40 m — V 



L v » 0.4O m 



t t f 




T| = 20°C 
V = 1 m/s 



PCM 



ASSEAIPTIONS: (1) Negligible thickness (and thermal resistance) of capsule shell. (2) All capsules 
are al T m p ; (3) Constant properties. (4) Negligible heat transfer from vessel to surroundings. 

PROPEKEEES: Prescribed. PCM: = 50° C. p = 900 ka- in 5 . h d = 200 kJ/ kg. Table A-4. Air 

(Assume (Ti - T 0 )/2 = 30 C C = 303K): p a = 1.15ikg,'m 3 : c p =1007 1/ kg- K, v = lfi.lxlQ^m 2 >% 
Pr = 0.707. 

ANALYSIS: fa) For a packed bed (Section 7.8). the outlet temperature is given by 



To = T mp ~( T mp - T i ] ex P 



hA. 



P-r 



v ft VA c b c p J 



where A cb = s-D 2 i 4 = 0.126m 2 and A p , = V v / V c )jtD 2 =3.02m 2 . With 

Rjepj = VD C lv = 30SS. the convection correlation for a packed bed yields 



ejH =£StPr-' J =£■ — - — Pr" 1 ' J =2.06Re D u 



2.06flaVc p 2.06 x 1 . 1 5 1 kff / m 1 m ■■' s x 1007 J / kg ■ K ? 

ti = Tr^T" = TTT = 39.1 W / 111 ■ K 



Hence. 



f Pr 2/J Re£ 575 



T c =5O D C-(30 c C)expi 



0J(O.7O7) 2/3 {3086) 0 - 575 



59. 1W / m 2 Kx 3.02m 2 



:4L.2 C C < 



I 1 . 1 5 1kg / m 3 x 1 m / s x 0. 126m 2 x 1 007 J / kg - K J 

The rate at which PCM in the vessel solidifies, M ( k g .• i ). may be obtained from an energy balance 

that equates the total rale of heat transfer from, the capsules to the rate at which the latent energy of the 
PCM decreases. Thatis r 
d 

<! = — (Mh s f) = h sf M 
at 

where M is the total mass of PC M and 

Continued 
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PROBLEM 7.103 (Cont.) 

g = hA p>t ^"^"^r^=59.1W/m 2 -Kx3.02m 2 ^ = 308SW 



■'-mp 



T - T 



Hence, M = q / h sf = 3085 W / 200, 000 J /kg = 0.0154 kg / s 

(b) The effect of V and D c are shown below 



r 




G.1 D.3 D5 0.7 D.9 1.1 1.3 15 
Inlet wtoci^V(mfe) 




o.ai do; a.D3 o.a4 djob d.do o.ot dab 

Capsule diameter Cc'n; 



Despite the reduction in h with decreasing V, the reduction in the mass flow rate of air m the vessel 
and the corresponding increase in the residence time of air in the vessel allow it to more closely reach 
thermal equilibrium with the capsules before it leaves the vessel. Hence, T 0 increases with decreasing 
V, approaching T™ in the limit V — > 0. Of course, the production of warm air m kg/s decreases 
accordingly. With decreasing capsule diameter, there is an increase in the number of capsules in the 
vessel and in the total surface area Ap r for heat transfer to the air. Hence, the heat rate and the air 
outlet temperature increase with decreasing D c . 

(c) Because the air temperature increases as it moves through the vessel, heat rates from the capsules 
are largest and smallest at the entrance and exit, respectively, of the vessel. Hence, complete freezing 
will first occur in capsules at the entrance. After complete freezing begins to occur in the capsules, 
progressing downstream with increasing time, heat transfer to the air will decrease the temperatures of 
the capsules, thereby decreasing the heat rate. With decreasing heat rate, the outlet temperature will 
decrease, approaching the inlet temperature after freezing has occurred in all capsules and they achieve 
thermal equilibrium with the inlet air. 

COMMENTS: (1) The estimate of T 0 used to evaluate the properties of air was good, and iteration of 

the solution is not necessary. (2) The total mass of phase change material in the vessel is M = N C /)7 C 

= [(1 - ar) V T / V c ] p V c = (1 - e ) pl^ f jt D l ! i) = 22.6 kg. At the maximum possible melting rate of 

M = 0.01 54kg / s. it would therefore take 1470s = 24.5 miuto freeze all of the PCM in the vessel. 
Why would it, m fact, take longer to freeze all of the PCM? 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 7.104 

KNOWN: Flow of air over a flat, smooth wet plate. 

FIND: (a) Average mass transfer coefficient, h m , (b) Water vapor mass loss rate, n A (kg/s). 
SCHEMATIC: 



0o=O 



L-0.5m 



ASSUMP TIOINS: { 1 ) Steady-state conditions, (2) I leat-mass transfer analogy applies, (3) 
Rc xx = 5x 10 5 . 

PROPER TIES: Table A-4, Air (300K): v - 15.89 x 1()" 6 m 2 /s, Pr - 0.707; Table AS, 
Water vapor-air (300 K. I atm): D AB - 0.26 x H)" 4 m 2 /s, Sc = v/D AB = 0.6 1 1; Table A-6, 
Water vapor (300K): p AiSa , - l/v g - 0.0256 kg/sn . 
ANALYSIS: {a) The Reynolds number for the plate, x - L, is 



Re, =^ 



35 m/s x 0.5 m a 
— = 1.10x10°. 

15.89x10 m /s 



Iletice flow is mixed and the appropriate flat plate convection correlation is given by Eq. 
7.41, 



Sh L = ^^ = (o.037 Ref 5 -87l)sc 1/3 = 

Dab [ 



f 




0.8 x 


0.037 


l.lOxlO 6 


-871 






) 



0.611 



0.33 



giving 



ShL = 1399 



- 1 399 x 0.26 x 1 0 -4 m 2 7s 

"m ~ 

0.5 m 



- 0.0728 m/s. 



(b) The evaporative mass loss rate is 
n A =h m A s (p A)S -/J Aj00 ) 

where A s = L • w. p Ax = 0 (dry air) and p As = p AsaV I Iencc, 

n A =0.0728 m/s x (0.5x3) m 2 (0.0256-0) kg/m 3 =0.0028 kg/s. 
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PROBLEM 7.105 

KNOWN: Air &ow conditions over a wetted flat plate of known length and temperature. 

FIND: (a) Heat loss and evaporation rate, per unit plate width, q' and n'^ , respectively, (b) Confute 
and plot q' and n ^ for a range of water temperatures 300 < T; < 350 K with air velocities of 10, 20 and 
35 mis., and (c) Water temperature T\ at which the heat loss will be zero for the air velocities and 
temperatures of part (b). 

SCHEMATIC: 



(Jro= 35 mis 
p M = 1 atm 
T m = 300 K 
o = D 



Welled surface, 




0.5 m 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Constant properties, (3) Re s . t = 5 

>: 10 ; . 

PROPERTIES: Table A.4, Air (T = 300 K, 1 atm): v = 15.89 x 10"* rrrVs; Table A.6, Water (300 K): 
v f = 39.13 nr.'kg, h u = 2438 kJ.kg; Table A.8, Water-air (298 K, 1 ami): Dab = 0-26 k 10" ur/s, Sc = 
0.61. 

ANALYSIS : (a) The heat loss from the plate is due only to the transfer of latent heat. Per unit width of 
the plate, 

q' = n A h ff? (1) 



With 



n A = h m L [pA,sat ( T s ) ~ PA,oc ] = hm L ^A,sar ( T s ) 
R£l = u^L = 35m/s,a5m =l1Qk1q6 



(2) 



v 15.89x10^ m 2 /s 
mixed boundary layer condition exists and the appropriate correlation is Eq. 7.41 with A = 871. 



ShL = ( 0.037 ReL 5 -87l)sc 1/3 = 



0.037(l. lOxlO 6 



-.4 5 



-S71 



(0.61) 



1/3 



(3) 



giving ShL = 1398 and 



:ShL 



D 



AB 



= 1398 



0.26x10 "\n 



2 A. 



: 0.0727 m/s. 



L 0.5m 
with p A sat (T s ) = vg 1 = 0.0256kg/ m 3 , 

n A = 0.0727m/s( 0.5 m}[ 0.0256kg/m 3 ) = 9.29 x 10~ 4 kg/s -m 
Hence, the evaporative heat loss per unit plate width is 

q ' = n ; 4 h fa = 9 . 2 9 x 1 0" 4 kg/s ■ m ( 2 . 4 3 8 x 1 0 6 J/kg ) =2265W/r 



< 
< 

Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM ".105 (Com.) 

Heat would have to be applied to the plate in the amount of 2265 W/m to maintain its temperature at 300 
K with the evaporative heat loss. 

(b) When T ; and T x are different convection heat transfer will also occur, and the heat loss from the 
water surface is 



^ioss = Icvnv +( levap = nL (T s -T QD ) + n'^hfg 
Invoking the heat-mass analog} 7 . Eq. 6. 60 with n = 1/3, 
h/h m = pc(ff/D AB ) 2/3 



(4) 



(5) 



where L ra and n^ are evaluated using Eqs. (3) and (2) , respectively. Using the foregoing relations in 
the IffT Workspace, but evaluating h (rather tlian h m ) with the Correlations Tool. External Flow, for 
the Average coefficient for Lantinar or Mixed Flow, qi 05i was evaluated as a function of with T x , 
300 K. 



::o:: 




Water temperal-re. Ts iKj 

unif = 35 nrs 

— ■ — unif = 2D nrs 
— ft — unif = 1 D ttvb 

(c) To determine the water temperature T= at which the heat loss is zero, the foregoing DTT model was run 
with q| 0is = 0 with the result that, for all velocities, 

T, = 281K < 
COMMENTS: "Why is the result for part (c) independent of the air velocity 1 
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PROBLEM 7.106 

KNOWN: Flow over a heated flat plate coated with a volatile substance. 

I' INI): I Meet Hi: power required to maintain surface at T s = I 34' J C. 
SCHEMATIC: 



Uco = 8 mjs 

T m =ZO°C 



fecw /2 e ^\I VoJati,e coafing (A) 

L / / ™ U Pfafg With 



: f i^r^tx^r eiec+rical ^ ^ _ 



ASSUMPTIONS: ( 1 ) Steady-state conditions, {2} Heat-mass transfer analogy is applicable. (3) 

Transition occurs at Re xc = 5x1 () 5 , (4) Perfect gas behavior of vapor A, (5) Upstream air is dry, 
= 0. 

-6 2 

PROPERTIES: Table A-4, Air (Tf = < 1 34 + 20)°C/2 = 350 K, 1 atm): v = 20.92 x 10 m /s, k = 

0.030 W/m-K, Pr = 0.700: Substance A (given): M A =150 kg/kmol, p A , sa t (I34°C) = 0.12 atm, 

-7 2 6 
D a b = 7.75x10 m /s, hf g = 5.44 x 10 J/kg. 



ANALYSIS: From an overall energy balance on the plate, the power required to maintain T s is 

9elec = flconv + levsip = ]l L A s ( T s " T oc ) + h m,L A s (pA.S " ^A,oc ) hfg 

To estimate h[ , first determine Re^ 

Re L = u^L7f = 8 m/sx4m/20.92xl0" 6 m 2 /s = 1.530xl0 6 . 
Hence the flow is mixed and the appropriate correlation: 

Nu L = 17 L L/k = 1 0.037 Ref 5 -87lJpr l/:5 
h L = (0.030 W/m ■ K/4m) 0.037 (l .530 x 10 6 ) 4 ' 5 -87lj (0.700)" 3 = 16.0 W/m 2 ■ K. 



(1) 



To estimate h m j , invoke the heat- mass analogy, with Sc = vg/D A g, 



"ra,L = "L 



16.0- 



W 



m 2 K 



7.75xl0- 7 ni 2 / K ^ 



v 0.030 W/m-K j 



^ 20.92 xl<r f ' in 2 /s 
1, 7.75xlO" 7 m 2 /s 



/ 0.700 



The density of species A at the surface, p A ,s(T s ), follows from the perfect gas law. 



8.205 x 1 0" 2 m 3 at nVkmol-K 



/>\ -p\„ — — T - 0.12 atm 
A '* ■ M A S 150 kg/kmol 

Using values calculated for h L . h m L and PA,s m Ec l ( 1 >- tlnd 



= 0.00140—. 



kg 



(134 + 273)K = 0.539-^- 



m 



<-lelec = (4m x 0.25m) 



16.0 W (1 34- 20) ' C + 0.00 140— (0.539 -0)--^x 5.44x1 0 6 — 
m 2 -K s m 3 kg. 



q elec =1.0 m 2 [1.824 + 4.105] W/m 2 = 5.93 kW, 
COMMENTS: For these conditions, nearly 70% of the heat loss is by evaporation. 
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PROBLEM 7.107 

KNOWN: Flow of dry air over a water-saturated plate for prescribed flow conditions and mixed 
temperature. 

PTXD: (a) Mass rate of evaporation per unit plate width, n"^ (kg/s in) , and (b) Calculate and plot 11'^ 

as a function of velocity for the range 1 < u x , < 25 m/s for air and water temperatures of T ; = T x = 300, 
325, and 350 K. 



Water (A) 





p A.s' Ti= 350K 

\-t-t-t-t-t-t^-t-j-j-t^.-j-t^.-t-frt-t^-t-t$-) 

ti m = 25 m/s, T^= 350 K 
PA*~ = °' p = 1 atrn 

[=1m 

ASSUMPTIONS: (L) Water surface is smooth, (2) Heat and mass transfer analogy is applicable. (3) 
RfV= 5 x 10 s . 

PROPERTIES: Table A.6, Water vapor (T s = 350 K r 1 ami): p AiS = Vv. = 1/3.846 nr/kg = 0.2600 
kg/m 5 ; Table J.4 7 Air (T f = = 350 K. 1 atm): v = 20.92 >: 10" 6 mvs, a = 29.9 x 10"* mVs; TabhAS, 
Air- water (T : - = = 350 K. 1 atm) : Dab = 0.26 x 10" 4 mVa (350 K/298 K) i; ~ = 0.33 1 x 10" m : /s. 

ANALYSIS: (a) Determine the nature of the air flow by calculating Rei. With L = 1 m, 



Re L : 



m/sxli 



20.92x10 Q m- 



7s 



: 1.195 xlO L 



CI) 



Since Re-_ > 5 x. 10 , it follows that the flow is mixed, and with Eq. 7.41 with A = 871, using Sc = v/Dab, 



ShL 



*h L = 



: ~'~- L _.>■ !■ ■- 3 -87lJsc 1; ' 3 . 



I>AB 



0.03 7 Re- 



t2) 



0.037 1.195 xlO L 



v 



4/5 



-S71 



-6. 



1 5 



20.92 < 10 "m 



0.331 xlO^m 2 /^ 



= 1563 



The average mass transfer coefficient for the entire plate is 



— D 
h m = ShL- 



ar 0.331x10 4 m-A 

^a- = 1563 = 0.051 7 m/s 

L Irn ' 



The mass rate of water evaporation per unit plate width is 

11 A = V L (PA,s - PA,ao ) = 0 05 17n V s x 1 m(0.260 - 0)kg/ m 3 =0.0 1 35 kg/s ■ m 



< 



(b) Using Eq. (1) and [3) in the IHT Workspace with the Correlations Toot, External Flow , Fiat Plate, 
Average coefficient for Laminar or Mixed Flow, replacing heat transfer with mass transfer parameters, the 
evaporation rate as a function of a velocity for selected air-water velocities was calculated and is plotted 
below. 



Continued... 
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PROBLEM ".10" (Cont.) 



1 

£ 



G.DH 
10? 
Du01 

ihjno 

G.D36 
D.MH 
G.D32 





























































































































I- - — 



















1D 15 
JUr vekicltr. ulnf (mis) 

TS - "In" - ML K 



- Ts - "Inr - 22E < 

- ts - "hf - < 



COMMENTS: (1) Note carefiilly the use of the heat-mass transfer analogy, recognizing that air is 
species B. 

(2) How do you explain the abrupt ilope changes in the evaporation rate .as .a function of velocity in the 
above plot? 
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PROBLEM 7.108 

KNOWN: Temperature of writer bath used In dissipate heat from 100 integrated circuits. Air (low 
conditions. 

HND: Ileal dissipation per circuit. 
SCHEMATIC: 



Insulation >^JZ^_ _^ 77= 350 /C .^r~T~^r C J- 



; — Wafer bath 



— ,]--— « _ 'i JJ w — , 

Potting v^^-S^^^j^^^K J orcutts, H=100 



r< £ = 



m ■ 



ASSUMPTIONS: ( I ) Heat and mass transfer analogy is applicable, (2 ) Vapor may be approximated 
as a perfect gas, (3) Turbulent boundary layer over entire surface, (4) All heat loss is across air-water 
interface. 

PROPERTIES: Table A-4, Air (325 K, I atm}: v = 18.4 x 10~ 6 m 2 /s, k = 0.0282 W/m-K, Pr = 

-4 2 3/2 -4 

0.704; Table A-8, Air-vapor (325 K. I atm): D AB = 0.26 * 1 0 m /s< 325/298) = 0.296 x 10 

m /s, Sc = v/D^Q = 0.622: TtfWe 4 -6, Saturated water vapor (Tj, = 350 K): pg = 0.260 kg/m , hfg = 

2.32 x 10 6 J/kg; (T w = 300 K): p g = 0.026 kg/m 3 . 

ANALYSIS: The heat rate is 



q] = N = V[ q " + I, " All| ^ (Tb) ]- 



Evaluate the heal and mass transfer convection coefficients with 
Re L =^= 10n*x0,lm =5434g 
" 18.4x10 in 2 /s 

IT - ( k/L) 0.037 Re* 5 Pr 1 '' 3 = (0.0282 W/m ■ K/0. 1 m) 0.037 (54, 348) 4/ 5 (0.704) 1 ' 3 = 57 W/m 2 ■ K 

V = ( 1 J A B ■ L ) tu) -' 7 Rt L ^c 1 '' 3 = (o.2% x I 0 -4 m 2 / s/0. 1 m J 0.1)3 7 ( 54, 348) 4/5 (0.622)' 3 = 0.0574 m/s. 

The convection heat transfer rate is 

q* = h(T b -T K ) = 57 W/m 2 ■ K (350 -300) K = 2850 W/m 2 

and the evaporative cooling rate is 

n A n fg = V [/'A.sat ( T b ) " &c/>A,sat ( T oc )] h fg ( T b ) 

n A h fg = 0.0574 m/s [0.260 -0.5x0.026] kg/m 3 x 2.32 x 10 & J/kg = 32,890 W/m 2 

Hence 

(04 m) 2 , , , j ^ 

q. =-i '—( 2850 + 32,890 W/m 2 =3.57 W. < 

100 

COMMENTS: Heat loss due to evaporative cooling is approximately an order of magnitude larger 
than that due to the convection of sensible energy. 
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PROBLEM 7,109 

KNOWN: Dry air flows at 300 K over water-filled trays, each 222 mm long, with velocity of 1 5 m/s 
while radiant heaters maintain the surface temperature at 330 K. 

P1XD: (a) Evaporative flux (kg/s-m 2 ) at a distance 1 m from leading edge, (h) Radiant flux at this 
distance required to maintain water temperature at 330 K. (c) Evaporation rate from the tray at location L 
= 1 m, n\^ (kg/s-m) and (d) Irradiation winch should be applied to each of the first four trays such that 
their rates are identical to that found in part (c)_ 

SCHEMATIC: 



\ Radiant heaters __/ 




T = ZOO K /~ Water-fiBed tray J^Y T s = 330 K 

■ ■ ■ ' 1 '■ ■ ■ ■■■ 




ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy-' applicable, (3) Water 
vapor behaves as perfect gas, (4) All incident radiant power absorbed by water. (5) Critical Reynolds 
number is 5 >: 10\ 

PROPERTIES: Table A.4, Air (T f = 3 1 5 K, 1 ami): v = 17.40 x 1 0" 6 m 2 /s. k = 0.0274 W/rn-K Pr = 
0.705; Table A. S, Water vapor-air (Tf = 315 K): Dab = 0-26 x lO^mVs (315/298)" = 0.28 x 10" 4 m 2 /s, 
Sc = v/Dab = 0.616: Table A.6, Saturated water vapor (T= = 330 K): pA.= a1 = 1/v. = 0. 1 1 34 kg'in", hf E = 
2366kJ/kg. 

ANALYSIS : (a) Tlie evaporative flux of water vapor (A) at location x is 

a< A,x = h in,x {PA,s ~ PA,x ) = h m,x \_PA,%aX i T s * " PA,mU < T *= )] C 1 ) 
E valuate Re, to determine the nature of the flow and then select the proper correlation. 

Re s = = L5 n V* * lm / 1 7 - 40 * 10_6 m2 A = 8 - 62 1 x 1C|5 - 

v 

Hence, the flow is turbulent, and invoking the heat-mass analogy with Eq. 7.37, 
h m x n ™ e DJI5 t .l/3 



Sh K = = 0.0296" Re^' J Sc 1 

^- x 0.0296 1 S.621 x 10 5 j"' ^ (0.616) 1 '' 3 -3.952x10"" m/s . 



D AB 



0.28x10 4 m 2 /s 



h in = 

lm 



Hence, the evaporative flux at x = 1 mis 

n A . x = 3.952 *10~ 2 m/s jo.ll34kg/m 3 -o) = 4.4SxlO -3 kg/s-m 2 (2)< 
(b) From an energy balance on the differential element at x = 1 m, 

Irad = qcorrv + levap = K ( T s ~ T cc ) + h A , s h fg ( 3 ) 



Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM ".109 (Com.) 

To estimate h*. invoke the heat-mass analogy using the correlation, Eq. 7.37, 

N Ux /Sb 3i =(Pr/Sc) ly ' 3 or h x = k/D^ (Pr/Sc) 1 ' 3 (4) 

h x = 3.95>:10 -2 kg/s-m 2 ( 0.0274 W/iii-k/o.2Sx 10" 4 m 2 /s) (0.705/0.61 6") 1 '' 3 = 40.45 w/m 2 ■ K 

Hence, the required radiant flux is 

q^ d = 40.45 w/ m 2 - K(33Q -300)K 4- 4.48 x 1(T 3 kg/s -rn 2 x 2366 x!0 3 J/kg 

q^d = 1214 W/ m 2 +10, 600 w/ m 2 = 11,813 w/ rn 2 < 

(c) The flow is turbulent over tray 5 having its mid-length at x = 1 m : so that it is reasonable to assume, 

h 5 *h. x (lm) (5) 

so that the evaporation rate can be determined from the evaporative flux as, 

11 A = u A,x^L = 4.48 xlO -3 kg/ s-m 2 x 0.222 m = 9.95x10^ kg/s ■ m < 

(d) For tray 5, following the form of Eq. (3). the energy balance is 

Irad.S^L = ( T s,5 ~ t qc) + n A,5 h fg 0 5 ) 
and the evaporation rate for the tray is 

°A r 5=V5AL(y? A .s-0) (7) 
While and h m 5 represent tray averages, Eq. (4) is still applicable. Using the IHT Correlation Tool, 
External Flow. Average, coefficient for Laminar., or Mixed Flair, I15 is evaluated as 

h 5 =[h x (l.l0rn)L 5 -h x (0.880m) L 4 ]/aL (8) 

where iL = L? - Lt - 0.22 m. The same relations can be applied to trays 2. 3 and 4. For tray 1 , Ii| = 

h (0.22 m) Li, where L; = AL. With Eqs. (3, 6, 7 and 8) 111 the IHT Workspace, along with the 
Correlations and Properties Toots, the following results were obtamed with the requirement that the 
evaporation rate for each tray is equal at n[\ 5 = 10.01 x 10" + kg/s-m. 

Tray 1 2 3 4 5 



T ; 342.7 357 348.1 329 330 

^rad 11:920 1 1=150 11=400 11:950 11=920 
COMMENTS: (1) Note carefully at which temperatures the thermopliysical properties are evaluated. 

(2) Recognize that in part (d), if we require equal evaporation rates for each tray, n^ 5 , the water 
temperature, T= : and radiant flux, q rac j- for each tray must be different smce the convection coefficients 
h x and k m x are different for each of the trays. How do you explain the changes in T ; 7 Which tray 
has the highest h " The lowest h 0 

(3) For tray 5, using Eq. (5) we found hj = 40.45 W/m : -K; using the more accurate formulation, Eq. (S), 

the result is 40.49 W/nv-K. If the flow were laminar or mixed over the tray, Eq. [5) would be 
inappropriate. 
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PROBLEM 7.110 



KNOWN: Irradiation on sequential water-filled trays of prescribed length and width. Temperature and 
velocity of airflow over the trays. 

FIND: Rate of water loss from first, third and fourth trays and temperature of water in each tray. 
SCHEMATIC: 

immmnmmmmnmmmmmH ESE2 



^=300K 
u~= 15 m/s 



G = 10 4 W/m 2 



/ \ 



I 








* Ax = OiS rri {W 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform irradiation of each container. (3) Complete 
absorption of irradiation by water. (4) Negligible heat transfer between containers and from bottom of 
containers. (5) Validity of beat-mass transfer analogy, (6) Applicability of convection correlations for an 
isothermal surface, (7) Re v . ; = 5 >: 10 : . 

PROPERTIES: Table A.4, air (1 arm, assume T f =315 K): v = 17.4 x lCr 6 ur/s, k = 0.0274 W/in-K, Pr 
= O.705. Table AS, vapor/air (1 atm, 315 K): D M =0.26 x 1(T m : /s (315/298)' : = 0.28 x 10 4 nrVs, Sc = 
v.Dab =0.616. 

ANALYSIS : Hie temperature of each tray is determined by a balance between the absorbed radiation 
and the convection and evaporative losses. Hence, 

G = Iconv + Qev3p = h ~{ T s -T^ ) + h m £ A sat hf g 

where, assuming an exponent of n = 1/3, the heat-mass transfer analogy yields 

tta = ( Djib /k ) (Sc/Pr) 1 ' 3 h = (o.2« * 10" 4 m 2 fsf 0.0274 w/m ■ K j ( 0.61 6/o.705 f 11 b = ( 9. 87 < 1 0" 4 m 3 ■ k/w ■ s ) h 
Hence. 



G = h 



(T, -T^ ) + 9 07xlO~V ArSat h^ 



With Re* = u^NAx/v = 15 m/s(N x 0.25 m)/17.4 x lO^ 5 m : /s = (2.155 x 10 5 )N, the flow is laminar for N 
= 1.2 with transition to turbulence occurring for N = 3. 

For tray 1 , 

h = (k/Ax)D.664ReJ /2 Pr 1:3 

1 2 

= (0.0274 W/m K/0.25m) 0.664 j 2.155 xl0 J J (O.705) 1 '' 3 =30.iw/m 2 -K 

For tray 4, with x = 0.875 m (N = 7/2), 
h 4 * ( k/x ) 0. 029 6 Re 7 i 2 Pr 1 ■' 3 

= (0.0274 W/m- K/0.875m)0.0296^7.543xl0 5 J (0.70S) 1 ' 3 =41.5 w/m 2 K 

Continued... 
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PROBLEM ".110 (t out.) 

For tray 3, I13 = ( hj-;}!^ -Lj-tLt '|/ax . wliere 

hi_ 3 L 3 = k Jo. 037 Re 4 / 5 - 871 ) Pr 1 '' 3 

= 0.0274 W/m-K( 0.037 x44, 51 0 - 87 1)( 0.705/' 3 = 18.9 W/m-K 

h!_ 2 L 2 =k(o.654Re 2 /2 Pr 1/3 j 

= 0.02 74 W/m-K (0.664 x 656.5) (0.705) 1/ 3 =10.6 W/m-K 

h 3 =(18.9-1 0.6) W/m ■ K/0.25 m = 33. 1 w/m 2 ■ K 
For tray 1, the energy balance yields 

10 4 w/m 2 = 30. 1 w/m 2 - K [(T s - ) + 9.07 x 1 0 -4 p A .sat h fg 

Since piiii depends strongly 011 T ;r the solution to this equation must be obtained by trial-and-error, with 
Pa.su (antl hf ? ) determined from Table A.6. The solution yields 

T Sjl * 334.7 K < 

Similarly, for trays 3 and 4 

\ 3 »332.8K T i 4 *327.1K < 

The evaporation rate for tray N is 

m evap = "mPA.sat ( WAx ) = 2.27 x 10^hp Asat 
from which it follows that 

COMMENTS: (1) The largest convection coefficient is associated with the tray for which the entire 
flow i.s turbulent. (2) The temperature of the water varies inversely with the average convection 
coefficient for its tray. 
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PROBLEM 7.111 



KNOWN": Apparatus as described in Problem 7.40 providing a nearly uniform airstream over a flat test 
plate to experimentally determine the heat and mass transfer coefficients. Temperature history of the pre- 
heated plate for airstream velocities of 3 and 9 m/s were fitted to a fourth-order polynomial for 
determining the heat transfer coefficient. Water mass loss observations from a water-saturated paper over 
the plate arid its surface temperature for determining the heat transfer coefficient. 

FTXD: (a) From the temperature-time history, determine the heat transfer coefficients and evaluate the 

constants C and m for a correlation of the form >"ui_ = C Re m Pr 1 3 ; compare results with a standard-plate 
correlation and comment on the goodness of the comparison: explain any differences: (b) From the water 
mass loss observations, determine the mass transfer coefficients for the two flow conditions; evaluate the 

constants C and m for a correlation of the form Sli]_ = CRe m Sc* _1 : and (c) Using the heat-mass analogy, 
compare the experimental results with each other and against standard correlations: comment on the 
goodness of the comparison; explam any differences. 

SCHEMATIC: 
Tt,= 20 °C 

<U= 3 or 5 m/s j— T s (f) = a +■ bt * cr 2 + df 3 + ef 4 

I / / Test plate 

■ \ * ^— I A 9 = LxL 

L ^ x L=133mm 
(a) Heat transfer experiment 



T~€i^i5aritiH - € Observations 

At (s} ioo :?:> 

3 (°Q 56.S7 57.0TJ 

bfCi) -0.1472 -0.2641 

e rCfe*) 3 * 10 ' 9 s 10 ' 

-4* Iff 1 -2X1C* 

BfOi^ 2xl0'" : 1 * 10 s 



'db 



27 °C 

: 13 °C 



V= 3 or 9 m/s 



■Water-saturated 
paper, 133X 133 mm 



Mass Loss Observations 



3 153 55.62 54.45 475 

9 16.0 55.60 54.50 240 



L = 1 33 mm 



(b) Mass transfer experiment 

ASSUMPTIONS: (1) Airstream over the test plate approximates parallel flow over a flat plate, (2) Plate 
is spacewise isothermal. [3) Negligible radiation exchange between plate and surroundings, (4) Constant 
properties, and (5) Negligible heat loss from the bottom surface or edges of the test plate. 

PROPERTIES : Bent transfer coefficient.. Table A . 4, Air ( T f = ( T g + )jl = 3 1 0 K 1 atm) : k, = 

0.0269 W/m-K v = 1.669 x 10" ; m 2 /s, Pr = 0.706. Test plate (Given): p = 2770 kg/nr\ c p = 875 I/kg-K, k 
= 177 W/m-K. Mass transfer coefficient: Table A. 6.. Water vapor (T, = 15.3°C = 288.3 K): = l/v g 
= 79.81 rrrVkg= 0.01253 k&'m 3 ; Table A. 6, Water vapor (T, = 16.0°C=289K): p A sl . = 0.01322 kg.'m 5 ; 
Table A. 6, Water vapor (T^ = 27 G C = 300 K): p AlIt = 0.02556 kg/m 3 ; Table A. 5. Water vapor-air [T f = 
(% + T *.)/ 2 * 295 K l : Das = 0.26 x 10" 4 m 2 /s (295/29 S) LS = 0.256 x 10" 4 m 2 /s. 

ANALYSIS: (a) Usmg the lumped-capacitance method, the energy balance on the plate is 

-h L A B [T s (t) - T m ] = pVc p — (1) 

Continued... 
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PROBLEM ".111 (CoDt.) 

and the average convection coefficient can be determined from the temperature history, T 5 (f), 
^ P Vc p (dT/dt) 

where the temperature-time derivative is 

^ = b + 2ct + 3dt 2 + 4et 3 
dt 

The temperature tune history plotted below shows the experimental behavior of the observed data. 



(2) 



(3) 




W 5D 
Plats temperature. T& fC; 



■ untr-Sm'B 
- unrr-Sm'B 



Consider now the integrated form of the energy balance. Eq. (5.6), expressed as 
T s (t)-T„ 



ln- 



{ pVc) 



(4) 



If we were to plot the LHS vs t, die slope of the curve would be proportional to Iil - Using DTL plots 

were generated of h L vs. T 5 , Eq. and In [(T s (t) - X x )/( T t - T- )] vs. t, Eq. (4). From :he latter 

plot, recognize that the regions where the slope is constant corresponds to early times (< 100s when u„ : 
3 m's and < 50s when u 3 = 5 m/s). 



13D H) ZD[ 
Elapsec ir-e t is.) 



:50 ;:a 



- tinT-inirt 

- intT- smte 



o oD ion 19) sm Z50 aaD 



■ jtrr-Jn.4 
• unrr- 5 m& 



Continued... 
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PROBLEM ".111 (Conr.) 

Selecting two elapsed times at which to evaluate , the following results were obtained 
u^Cm/s) t(s) T 5 (t),("C) h L (W.W-K) 



3 
9 



100 
50 



44.77 
45.S0 



30.81 
56.7 



152.4 
2804 



2.39 x 10 4 
7.17 x 1Q 4 



where the dimensionless parameters are evaluated as 



Re L =- 



where kj, v are tbermophyiical properties of the airstream. 

(b) Using the above pairs of Nul and Rfi, C and tn in the correlation can be evaluated, 
JiitU/3 



Nu L = C Re£ Pr 1 

152.4 = C(2 39 x KfffOJOo") 1 ' 3 



280.4 = C(7.17 x 10") a (0-70<5) 



m = 0.555 



(5,6) 



(8,9) < 



Solving, find C = 0.633 

The plot below compares the experimental correlation (C = 0.633, m = 0.555) with those for laminar flow 
(C = 0.664, m = 0.5) and fully turbulent flow (C = 0.037. m = O.S). The experimental correlation yields 

NuL values winch are 25% higher than for the correlation. The most likely explanation for this 
unexpected trend is that the airstream reaching the plate is not parallel, but with a slight impingement 
effect and'or the flow is very highly turbulent at the leading edge. 




—a— tjb 

(b) From the convection mass transfer rate equation. 

n A = h m xAs (PA.s ~ P.\,a> ) 0°) 
where the evaporation rate can be determined from the paper mass and time interval observations, 

n A =[rn(t + At)-m(t)]/Al (11) 

and the species densities, pA., and pp^ ^ . correspond to sat [ T s ) and S^pp^ i3 t ( ) > respectively. 

Using the ASHRAE psychrornetric chart (1 atm) with T W b = 13°C and Tdb = 27°C, find the relative 
humidity as = 0.17. The correlation dirnensionless parameters are evaluated as 



Sh L : 



h m ,L L 
D AB 



UhjL 



D.AB 



(12.13,14) 
Continued... 
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PROBLEM ".111 (Cent.) 

where all the properties .ire evaluated at T[= ( T s + Tqc )/2 . The results of the analyses are summarized 
in the following table. 



ha 



SllL 



Re, 



(mfs) 
3 
9 



kg/s 
2.463 x ltr* 
4.583 x 10"' 



(ui/s) 
0.01(58 
0.0288 



S7.5S 
150 



2.594 « 10" 
7.767 x 10 4 



0.603 
0.603 



Lsing the two sets of tabulated values for SliL , Re-_ and Sc and the standard correlation of the form, 



ShL = CRe™Sc 



1/3 



(15) 



S7.5S = cfl594xlO 4 ) m (0.603) L '' 3 



150 = C( 7.767 xl0 4 ) m (0.603) 1/3 



solve simultaneously to find 



C =0.711 



m= 0.490 



(16,17) 



From the heat-mass analogy, we expect the constants C and m m Eq. (7) for heat transfer and in Eq. (13) 
for mass transfer to be the same. From the two experiments, we found 



Heat transfer 
Mass transfer 



C: 
0.633 
0.711 



m 

0.555 
0.490 



In the plot below, the parameters S!il/ Sc*' 3 or Nul/ Pr^' ^ are plotted against Rei. using Eq. (15) or 
(7). Note that the curves are nearly parallel on the log-log axes since their "m"" constants are of similar 
value. The mass transfer results are, however, nearly 50°-o higher than those for heat transfer. We have 
no way to explain this systematic difference without more information on the apparatus, observation 
procedures and repeated observation*. However, overall the results support the general form of the heat- 
mass analogy. 



i" 

11) 

i 




■. C= 0.71 1 . Ti = D.430 
C =0.633, rn = 0.555 
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PROBLEM 7.112 

KNOWN": Dry air at prescribed temperature and velocity flowing over a wetted plate of length 500 mm 
and width 150 mm Imbedded electrical heater maintains the surface at T ; = 20°C. 

FIND: (a) Water evaporation rate (kg/h) and electrical power P^ (W) required to maintain steady-state 
conditions, and (b) The temperature of the plate after all the water lias evaporated, for the same airstream 
conditions and heater power of part (a). 

SCHEMATIC: 



r m =35°C 

tv = 20 m/s 




T s = 20 °C 

Water film, plate 
1&0 mm width 



\ 



L = 500 m 



(a) Water film 



_______ ..... 

(a) Dry surface 



ASSUMPTIONS: (1) Steady-state conditions. (2) Constant properties and (3) Heat-mass transfer 
analogy is applicable. 

PROPERTIES: Table A.4. Air ( Tf = (T s 4- T x ) jl = 300 K\ 1 atm): p = 1.16 kg/m\ c p = 1007 J/kg-K, 

k= 0.0263 W/m-K v = 15.94 x 10" 6 m'-'s. a. = 2.257 x 10" 5 m 2 /s, Table A.6, Water (T s = 20°C = 293 K): 
p A 5 = l/v 5 = 1/59.04 = 0.0169 ks/m\ k-- g = 2454 kJ/K; Table A.5.. Water-air (T-- = 300 K): Dm = 0.26 x 
10 4 mW 



ANALYSIS: (a) Perform an energy balance on the plate. 

kin ~~ ^-om = 0 Pe. ~~ lennv — levap = 0 

where the convection and evaporation rate equations are. 

qconv = l»L A s ( T s _T ao) 

levap = n A h fg = k m A s ( PAfi ~ /?A.*> ) - hfg 
The Reynolds number for the pLate length L is 

ReL= u^L = 2Qn,/ S xa50m 274x1qS 

v 15.94x10^ m7s 
so that the flow is mixed and Eq. 7.38 is appropriate to estimate h L , 



(1) 

(2) 
(3) 



Nu L = 



h L L 



- :" 

D " 



871 



)Pr 



1/3 



h L = °- Q263W/m - K f O.Ol?^ 274x10 s l 4 '" 5 -871 1(0.707 > L/ 3 = 34.5 w/m 2 K 
0.5 m L J I 



Evoking the heat-mass analogy- , Chapter 6. with n = 1/3 

-2/3 



a 



\ D AB 



.16kg/m 3 xl007J/kg-K 



2.257 > 10 -m- 



-2/3 



0.26x10 4 m 2 /s 



• 1284.1/ nf 1 K 



Continued.. 
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PROBLEM ".112 (Cant.) 

h m = 34.5 \v/qi 2 -k/i 284 j/m 3 K = 0,0269m/s 
Substituting numerical values, the energy balance, Eq. (1), with A; = 0.5mxQ.15 m= 0.075 m 2 , 

P e -34.5 w/m 2 - Kx0.075m 2 (20-35)K 

-0.0269ni/&x 0.075 m 2 (0.0 169 - Ojkg/m 3 x 2454x1 0 3 J/kg-K = 0 

P e =-38.8W+83.7 = 44.9W < 
The evaporation rate is 

n A = h m A s (p As -p A 3C) ) = 0.0269 m/s * 0.075 in 2 x 0.0169kg/m 3 x 360(Wh = 0.123kg/k < 

(b) When the plate is dry. the energy 7 balance is 

P e=^lA( T S - T oc) 
and viiih P 8 and h L as determined in part (a). 

T s ^T^+Pe/hLA^ =35 c C444.9w/34.5w/m 2 -Kx0.075m 2 =52.3"C < 

COMMENTS: Using IHT Correlations Tool, External Flow, Fiat Plate., the calculation of part (b) was 
performed using the proper film temperature, T f = 318 K, to find Iil = 32.7 W/'m 2 K and T E — 53.3°C. 
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PROBLEM 7.113 

KNOWN: Convection mass transfer with turbulent Dow over a flat plate (van roof). 

2 

FIND: (a) Location on van that will dry last, (b) Evaporation rale at trailing edge, kg/s-m . 
SCHEMATIC: 



T m =Z7°C > 1 



p°= lafm ^— *"X L=6-m 



ASSUM I'TIONS: ( I ) Turbulent flow over entire plate (van top), (2) Heat- mass transfer analogy is 
applicable, (3 ) Perfect gas behavior for water vapor (A). 

PROPERTIES: Table A-4, Air (300 K, 1 atm): v= 15.89 x 10~ 6 nws, k = 0.0263 VV/m-K, Pr = 

-4 2 

0.707; Table A-H, Air-water vapor (25°C): D a r = 0.26 x 10 m /s; Table .4-0, Saturated w ater vapor 
(300K): PA,sat = v g' = O- 0256 kg / m 3 . 

ANALYSIS: (a) The mass transfer coefficient, h m (x), will be largest at x _ 0 and smallest at x _ L for 
turbulent How conditions. Hence, the trailing edge will dry last. 

(b) The evaporation rate on a per unit area basis, at the trailing edge where x — L, is given by the rale 
equation. 

11 A = h m.L {PA.* ~ PA.oc ) = »ni,L PA&t 0 "<*<») 

For turbulent flow the appropriate correlation for estimating h m [ is of the form 

Sh x = h m x x/D AB = 0.0296 Re*' 5 Sc ,/3 . 
Substituting numerical values. 

u.^L 90x10" in/h _ts 2 6 

Rei =— — x6m/I5.89xL0 m~/s = 9.44x10 

v B 3600 s/h 

Sc = -^ B — = 1 5.89 x 1 0" 6 m 2 / s/0.26 x i 0" 4 m 2 Is = 0.61 1 

h m,L = (°- 26 x I0 -4 m 2 / s/6ni) x 0.0296 (9.44 x 1 0 6 ) 4 5 (0.6 1 I )' ' 3 = 0.04 1 4 m/s. 
Hence, the evaporation flux (rate per unit area) is 

n X = 0.04 1 4 m/s x 0.0256 kg/m 3 ( 1 - 0. 8 ) = 2. 1 2 x 1 0" 4 kg/s ■ m 2 . < 

COMMENTS: Recognize how lire heat-mass analogy is utilized and the appropriate correlation 
selected from Table 7.9. 
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PROBLEM 7.114 



KNOWN: Length and thickness of a layer of benzene. Velocity and temperature of air in parallel 
flow over the layer. 

FIND: Time required for complete evaporation. 
SCHEMATIC: 




r — 3enzer?e = ^OOkg/m 3 



777 



ASSUMPTIONS: { I ) Steady-state conditions, (2) Smooth liquid surface and negligible free-stream 
turbulence, (3) Heat and mass transfer analogy is applicable, (4) Negligible benzene vapor 
concentration in free- stream air, (5) Isothermal conditions at 25°C. 

PROPERTIES: Table A-4. Air (25°C, 1 aim): v~ 15.7 x 10" C \rf/s; Table A-H, Benzene-air, <25°C, 
I atm): D AB - 0.S8 x lo" 5 m 2 /s. Sc - 1.78. 

ANALYSIS: Applying conservation of mass to a control volume about the liquid, 
dM d(p ( V) 

— = — 11 A . 

dt dt A 

For a unit width, V = L-8. 1 lenee 

Pi l ~7~ = 11 A = h in L ( /'A.sat - /'A.oc ) 
dt 

and integrating 



C dS = -^p Ksat I dt 
f, i p f () 

f>'i Pi 



t = — 



With Re L 



n m/'A,sat 

u , L 1 m/s x 2 m 



15.7 xlO" 6 m 2 /s 



1.27x 10 



the flow is laminar throughout and from tiq. 7.31, 



0 



-5 2 



hm= ^AB 0664 Rc p Sc l/3 = 08^1^,0.664 (l.27xl0 5 )'" (1.78)"' 3 
L 2 m V / 

h m = 1 .26 x 1 0" 3 m/s 



J/ 2 



and 



0.001 m 



^900 kg/m 3 J 



fl.26xl0" 3 m's J f 0.41 7 kg/m 3 J 



1713 s = 28.6 min. 
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Tray 




PROBLEM 7.115 

KNOWN: Parallel air flow over a series of water-filled trays. 

FIND: Power required to maintain each of the first three trays at 300K. 

SCHEMATIC: 

-W*ter(A),T s *3O0K 

vi<rlZmt*J*--50oK IT: 

k>*Q*O t p=l*tm x^bnf x 6 -lSm 

ASSUMPTIONS: (a) Steady- state conditions. (2) Heat-mass transfer analogy applicable. (3) 

5 

Perfect gas behavior for water vapor, (4) Re EiC — 5x10 . 

PROPERTIES: Table A-4, Air (300 K, 1 arm): v = v B = 15.89 x 10~ 6 mh: Table AS, 
Water vapor- air (300K): Dab = 0-26 * 10"* m'.V Sc = v B Dab = 0.611; Table A-6, 
Saturated water vapor (30GK): pA.sat = Vg 1 = 0.02556 kg/nA hf g = 2438 kJ/kg. 

ANALYSIS: Since T^ = T, x ,, there is no convective heat transfer, hence, 

^tray = ^tray h fg = h m - A s ■ p Aiiat ( 1 - ^ ) h f g ( 1 ) 

where 

= PA,a> PA- szt Pa s ~ PA sat (^s )- Calculate the Reynolds number at X3, 

Re x3 = Uoc x 3 / f b = 12 m/s x 1 5m 1 5.89 x 10' 6 m 2 i s = 1 . 133 x 10 6 

finding that transition occurs at x — 0.662 m. a location on tray 2. The average mass transfer 
coefficients h m and heat rates for each tray are as follows: 

Tray T. The flow is laminar and the appropriate correlation for h m j and heat rate are 

Shxi=V i^i /Dab =0.664 R^? Sc 1/3 



1.800 *10 2 m/s 



— / —A 1 \ \ 12 nv's >■ 0.5 m 1 , a/3 
h ,=10.26*10 4 m-/s/0.5m|x0.6lS4 (0.611) = 

v 15.89 x 10" 6 m 2 ls) 

qj = 1 SG0 «10 -2 m/s x 0.5 mx 0.0255(5 kg/ni 3 (1 - O.40)x2438x 10 3 J/kg = 337 W/in. < 
Trov 2: Since transition occurs over the span of tray 2, the rate equation has the form 

q'2 =[x2h m _Q-2 ~ ] PA,sat )hfg- (2) 

Continued .... 
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PROBLEM 7.115 (Cont.) 

Note that li m q_j = h^j from above and that h nl _0-2 is evaluated using the correlation 

Sh x = (0.037 Re|'' 5 -871 J Sc 1/3 

Vo-2 = 2. 1 93 x 10" 2 m/s q' 2 =483 W/m. < 

Tyay 3: The rate equation is of the same form as Eq. (2). Alternatively, an approximation can 
be used, 

qj =h m (x) (x 3 -x 2 ) p^sat (l"<Sx) h% 
where h m (x ) is the local value at the midspan, x = (x2 + X3J/2 . Using 

Sh x =0.0296 Re£ 5 Sc 1/3 
and substituting numerical values, find 

h m(x j = 3 ■ 1 4E * 10_2 m ' , ' s ^3 = 589 Wy ' m - < 
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PROBLEM 7.116 

KNOWTS : Air and surface conditions for a drying process m which photographic plates are 
aligned in the direction of the air flow. 

FIND: (a) Variation of local mass transfer convection coefficient, (b) Drying rate for fastest 
drying plate, (c) Heat addition needed to maintain the plate temperature. 



T„ = SO'C 

fc- O 
p = latin 



•Photographic pistes 

"A J 



-T^SO'C 



i — a 


i i & 




~73T~ 


1 (4j 1 (S) 1 (6) \ 






■saw 







l < > \ L j = a25m 



ASSl MPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Critical Reynolds 
number is Re^.c = 5 x ID"", (3) Radiation effects are negligible. 

PROPERTIES: Table A-4, Air(50 3 C = 323K): v = 18.2 x 10" 6 m 2 /s; Table A-6„ Water 
vapor (50°C = 323K): pA.sat = 0.082 kg/rn : hfg = 2383 kJ/kg; Table AS, Water vapor-air 
(25°C = 298K) Dab = 0 26 * 10" 4 niVs; since Dab <* T 3 '' 2 , Dab(50 c C = 323K) = 0.26 x 1Q 4 
(323/29S) 3 '' 2 = 0.29 x 1Q" 4 iii7s, Sc = v/D AB = 0.62. 



ANALYSIS: (a) With Re x c = iinjXj/v = 5 x 10 , the point of transition is 

5xl0 5 fl8.2xl0" 6 ni 2 /s) 

V = S = 1 in 

9.1 m's 

and the variation of the local mass transfer coefficient is as shown below 



Eq. 7.26 



Eq. 7.36 



025 050 G?5 /<» J2S 



(b) The largest evaporation will be associated with either the first plate or the fifth plate. For 
the first plate, 



11 A,l = h nL l A s s l (PA,s ~ PA°° ) 



where pA oc — 0 since the upstream air is dry. Since the boundary* layer is laminar over the 
entire plate, with 

,5 



Re s i = (9.1 m/s) ( 0.25 ni) / (l8.2 x 1 0 6 m 2 / s ) = 1 .25 x 1 0 5 



Continued 
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PROBLEM 7.116 (Cont.) 



Eq. 7.31 may be used to obtain 
D 



J AB I 



0.654 Re^ 2 j Se 1/3 



0.29x10 4 itf /s 
0.25 m 



\ 1 / 2 

0.664 |l.25xl0 5 j ' (0 62) 1/3 



h ml =0.0232 rn/s. 

Hence n^i = 0.0232m/s(0.25 mxl m) j 0.0S2kg/m 3 ) = 4.72x10^ kg/s-m. 

For the fifth plate, 

n A,5 = "4,0-5 - n_4_0-4 = [( Ms ) Q _ 5 - (h m A s ] ( ?A,s - PA,x> ) - 
WithRe x5 = 6.25 xlO = Eq. 7.41 give? 



1 m,0-5 



1 m,0-5 



Dab 

. x 5 



[» 



037Re^-871~| Sc 1/3 



^ 0.29x10^ m 2 /s^ r 



1 .25 m 



= 0.0145 m/s. 



0.037 J 



6.25 xlO J 



-S71 



(0.62) 1/3 



With Re s 4 = 5 x 10 , Eq. 7.31 give? 
.f D AB 



h m 1 0-4 = 



x 4 



0.664 Re^Sc 13 
x,4 



0.29x10"^ m 2 /s^ 



V0-4=, lm 
h m q_4 = 0.01 16 m's. 



; 0.664 (5xl0 5 j ' (0.62 J 1 



Hence. 



n A;5 = [0.01 45m/s x 1 .25 m < 1 m - 0.01 16m/s x 1 m x 1 rn] [ 0.0S2kg/m 3 j 

n A 5 =5.35x10^ kg/s-rn. < 
Hence the evaporation rate is largest for Plate 5. 

(c) Heat would have to be supplied to each plate at a rate which is equal to the evaporative 
cooling rate in order to maintain the prescribed temperature. Hence 

q 5 = n A;5 hf g =5.35x1 O^kg/s - m x 2. 3 83 x 1 0 6 J. kg = 1 .275 kW/m. < 

COMMENTS: The large value of qj is a consequence of the significant evaporative cooling 
effect. 
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PROBLEM 7.117 

KNOWN: Dimensions and temperature of a cooling pond. Conditions of air How. 
FIND: Daily make-up water requirement. 
SCHEMATIC: 




f 



Cooling pond } wafer (A),T-Z7"C 



k L--1000m — >j 

ASSUMPTIONS: (1) Steady-state conditions. (2) Turbulent boundary layer over the entire 
surface, (3) tleat and mass transfer analogy is applicable. 

PROPERTIES: Table A-4, Air (T 300K, 1 arm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 

W/m-K, Pr = 0.707; Table A-6, Water vapor (300K): p A>Mt - v~ 1 = 0.0256 kg/m 3 ; Table A- 

8, Water vapor-air (300K): D AB = 0.26 x 10" 4 m 2 /s, Sc = v/D AB = 0.61. 

ANALYSIS: The make-up water requirement must equal the daily water loss due to 
evaporation, 

AM = rhevapAt = h m ( W ■ L ) [/?A,sat { T s ) " Ao/'A.sat ( T « )] ■ At. 
From Fq. 7.41 with A = 0, SbL =0.037 Rc£' 5 Sc 1 ' 3 , with 

u^L = 2m/sxl000m =]26xl tf 
v 15.89X10" 6 m 2 /s 

ShL=0.037 (l.26xl0 8 ) 4/5 (0.6l) 1/3 =9.48xl0 4 

- _ D AB Sh"i, _ 0.26x10 4 m 2 /sx9.48xl0 4 
m,L L 1000 m 

h m ,L = 2.47xl0~ 3 m/s. 

Hence, the make-up water requirement is 

AM=2.47xK)- 3 m/s (500 mxIO(K)m) 0.0256 kg/m 3 (24h x 3600 s/h) 

AM = 2.73 xlO 6 kg/day. < 
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PROBLEM 7.118 



KNOWN: Dimensions and initial temperature of plate covered by liquid film. Properties of liquid. 
Velocity and temperature of air flow over (he plates. 

KIND: Initial rate of heat transfer from plate and rate of change of plate temperature. 
SCHEMATIC: 



5 = 6 mm -H 



T m =20°C 
Ho, = 1 m/s 
§ m = 0.50 




Iconv 



1 m 



i ^ Qevap 

< sh^— Liquid film (A) 
L = 1 m Tj = 40°C 

ASSUMPTIONS: ( I ) Negligible effect of conveyor velocity on boundary layer development, (2} 
Plates are isothermal and at same temperature as liquid film, (3) Negligible heat transfer from sides of 
plats, (4) Smooth air-liquid interlace, (5) Applicability of heat/mass transfer analogy, (6) Ncgligi ble 
solvent vapor in free stream, (7) Re x c = 5 x 10 , (8) Constant properties, 

PROPERTIES: Table A-l, A1S1 1010 steel ( 3 1 3 K ): c - 44 U/kg- K, p = 7832 kg / m 3 . Table A-4, 
Air (p = 1 atm, T f = 303K): v = 16.2 x 10" 6 m 2 /s, k = 0.0265 W / m ■ K, Pr = 0.707. Prescribed: Solvent: 
PA.s* ~ 0-75 kg /m 3 . D AU = l<T 5 m 2 /s, h ffe =9xl0 5 J /kg. 

SOLUTION: The initial rate of heat transfer from the plate is due to both convection and 
evaporation. 

q = q C onv + qevap = h A s ( T i " T„ ) + n A h fg = h A s (Tj - T K ) + h m A s p AjSat h fg 

With Rc L = L Iv = 1 m/sx lm/ 16. 2x 10 fl m 2 /s = 6. J7x JO 4 , flow is laminar over the entire surface. 
Hence, 

1/2 

Nu L =0.664Re 1 L /2 Pr l/3 =0.664(6.17xl0 4 ) (0.707)' 73 = 147 

h = (k / L) Nbu" L = (0.0265 W7 m ■ K / lm) 147 = 3.9 W / m 2 • K 
Also, with Se 

Sh L = 0.664 Re[_'' 2 Sc l/3 = 0.664(6. 17x 10 4 J ' " (1.62) 1 ' 3 = 194 
h m = ( E>AB 1 L )Sh | = ( m 2 / s/ lm) 1 94 = 0.00 1 94 m / s 



D AB = 1 6.2 x 1 0 6 m 2 Is! 1 0 5 m 2 / s = 1 .62. 

All 



2 2 

Hence, with A s 2 L 2 m , 



q = 2 m 2 [3.9 W / m 2 ■ K ( 20°C ) + 0.001 94 m / s x 0.75 kg / m 3 x9xl () S .1 / kg 



= 156 W + 2619 W = 2775 W 



Performing an energy balance at an instant of time for a control surface about the plate, -E ollt 
vvc obtain (Eq. 5,2), 



tlT 
dt 



2775 W 



i p S L 2 c 7832 kg / m 3 x 0 . 006 m ( lm) 2 44 1 J / kg - K 



-0.13°C/s 



COMMENTS: ( 1 ) Heat transfer by evaporation exceeds that due to convection by more than an 
order of magnitude. (2) The total heat rale is small enough to render the lumped capacitance 
approximation excellent. 
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PROBLEM 7.119 

KNOWN: Dimensions of round jet array. Jel exit velocity and temperature. Temperature of paper. 
FIND: D ry i 11 g ra te pe ru 11 it su tfaee area . 



SCHEMATIC: 



D = 20 mm -»l k 




S - 100 mm 

T e = 300 K, V e = 20 m/s 
T s = 300 K 

— > u = 0.2 m/s 

ASSUM PTIONS: ( 1 ) Applicability of heat and mass transfer analogy. (2) Paper motion has a 
negligible effect on convection (u « V e ), (3) Air is dry. 

PROPERTIES: Table .4-4, Air (300K, 1 aim): v = 15.89x 10~ 6 m 2 is; Table A-6, Saturated water 

{300K}: p Asat = v~ l = 0.0256kg/m 3 ; Table A -8, water vapor-air ( 300K ): D AB = 0.26 x 10 ^ m" /s, 
Sc=0.6l. 

ANALYSIS: The average mass evaporation flux is 

n A = h m (pA,s ~ PA,e ) = E m PA.s 
Koran array of round nozzles. 



Sh=0.5KGRe 2/3 Se 0,42 



0 2 



where Re = V. D / v = 20 m / s x 0.02 m / 15.89x111 in - s - 2?. 1 70 and, with H/D = 1 0 and 



A r =/tD 2 /4S 2 =0.0314, 











-0.05 






f > 


6~ 




K - 


1 + 


n d 






v 0.6/A r /2 y 











—0.05 



1 1 



10 
3.39 



- 0.723 



g = 2a; 



1/2 



1-2. 2A 



1/2 



1 + 0.2(11/ D-6) A, 1 - 



1/2 



1 - 0 390 
= 0.354 = 0. 189 



1 + 0.2(4)0.177 



Hence, 



D AU ~ 0.26x10 4 m 2 /s 



Sh =■ 



[) 0.02m 
The average evaporative flux is then 

n " A = 0.062 m / s f 0.0256 kg / m 3 J = 0.00 1 6 kg / s • m 2 



|^0.5x0.723x0.189(25,l70) 2/3 (0.6l) 0 ' 42 J = 0.062 



m / s 



COMMENTS: Note that, for maximum evaporation, the ratio D/H — 0.1 is less than the optimum of 

D , H ) =s 0.2, as is S/H = 0.5 less than S/H) =» 1.4. If H is reduced by a factor of 2 and S is 
op 'op 

increased by 40%, a near optimal condition could be achieved. 
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PROBLEM 7.120 
KNOWN: Paper mill process using radiant heat for drying. 

FIND: (a) Evaporative flux at a distance 1 in from roll edge; corresponding irradiation, G (W-nf). 
required to maintain surface at T s = 300 K r and (b) Compute and plot variations of h^Cx), 00, and 

G{x) for the range 0 < x £ 1 m when the velocity and temperature are increased to 1 0 m/s and 340 K, 
respectively. 



SCHEMVTIC: 




ASSUMPTIONS: (1) Steady-state conditions, [2) Heat-mass transfer analogy, (3) Paper slurry (water- 
fiber mixture) has water properties. (4) Water vapor behaves as perfect gas.. (5) All irradiation absorbed 
by shiny, (6) Negligible emission from the slurry. (7) Re lc = 5 x 10 s . 

PROPERTIES: Table A.4, Air (T f = 3 1 5 K, 1 atm): v = 17.40 x ID" 6 m'/s. k = 0.0274 W/m-K Pr = 
0.705; Table A S, Water vapor-air (T f = 315 K): D AB = 0.26 x 10" 4 m 3 /s (315/298)" = 0.28 x 10" + m 2 /s, 
Sc = vb/Dab - 0.6 1 6; Table A.6, SaUirated water vapor (T, = 330 K): p A , a t = l/v s = 0.1 134 kg.'W, h fg = 
2366kJ/kg. 

ANALYSIS : (a) Recognize that the drying process can be modeled as flow over a flat plate with heat 
and mass transfer. For a unit area at x — 1 m. 

11 Ax = h m,x ( PAfi ~ PAjn ) = Vx [p.Asat ( T s ) - AoPA,sat ( t od )] (1) 
Evaluate Re, to determine the nature of flow, select a correlation to estimate h l :l , 

Re x = u x ,x/v^ B =(5m/sxlrn)/(17.40xl0 _6 m 2 /s) = 2.874 <\tf . 

Since Re s < 5 x 10', the flow is laminar. Invoking the heat-mass analogy, 

Sh K = -2±±—= 0.332 Re^' Sc (2) 
D AB 

h m x = j0.2SxlO~ 4 " m 2 /s/lm}x 0.332 1 2.874k 10 5 j L 2 (0.616) 1 '' 3 = 4.24 x 10~ 3 m/s . 

Hence, the evaporative flux at x = 1 mis 

n A.x =4-24xl0" 3 m/s(0.1134kg/m 3 -0) = 4.81x10^ kg/s-m 2 < 

From an energy balance on the differential element at x = 1 m (see above), 

G = <lconv + <levap = h x ( T s ~ T a> ) + n A, x h fg - ( 3 ) 

Continued... 
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PROBLEM ".120 (Com.) 

To estimate h v invoke the heat-ma ss transfer analogy using the correlation of Eq. (2), 



-I 

Dab 'vW 



i ; 



= 4.24x10 j m/s 



0.0274 W/ra - K V 0.705 V 3 



O.^S^LO" 4 m 2 



=4.34w/i 



m 2 ■ K 



(4) 



Hence, from Eq. (3), the radiant power required to maintain the shirty at T s = 330 K is 

G = 4.34w/m 2 -K(33Q-300)K + 4.81xlG^ kg/s-m 2 x2366xlQ 3 J/kg 

G = (130 + 1 138) w/ m- = 1 268 w/ m 2 . < 

(b) Equations (1), (3) and (4) were entered into the IHT Workspace. The Correlations Tool, External 
Flow, Loca! coefficients for Laminar or Turbulent Flow was used to estimate the beat transfer convection 
coefficient. The results for hju iJt (x). s (x) and G(x) were evaluated, and are plotted below for T s = 340 

K and u^ = 10 m/s. 



£ 
1 

B- D.K5 



n.2 oj as oj 
;iEtjrmEltDm 1he leodlrg ecge, x im: 



D3 OJ 06 IB 

DlEtarcE "rain Die isaalng ecge. x im) 




o ax nj n.E. n 



^stance rrcm :he leadlrg edge, ximj 

COMMENTS: (1) The abrupt change m the parameter plots occurs at the transition, X: = 0.9 m. 
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PROBLEM 7.121 

KNOWN: Geometry and air flow conditions for a w ater storage channel. 

FIND: (a) Evaporation rate, (b) Expression for rate of change of water layer depth and time required 
for complete evaporation. 



SCHEMATIC: 



Air flow, 

fx) Veo'SmfS 
W 0„ = O.SO 



_ J— Water-, Tj ,T M =25°C T n A 

Jig*?- ^rfca 



ASSUMPTIONS: ( 1 ) Steady-state conditions, (2 ) Smooth water surface and negligible free stream 

5 

turbulence. (3) Heat and mass transfer analogy is applicable, (4) Re x c 5x10, (5 ) Perfect gas 
behavior for water vapor. 

PROPERTIES: Table A-4 Air(25°C = 298K): v = 15.71 x 10" 6 m 2 /s: Table A-6, Water (25°C = 
298 K): p AiSat = Vg 1 = 0.0226 kg/m , pf = 1 = 997 kg/m" 5 ; Table A-H % Water vapor-air (25°C = 

298 K}: D AB = 0.26 x 1 0" 4 m 2 /s, Sc = v/D AB = 0.60. 

ANALYSIS: (a) The evaporation rate is n A = h m A s (p^ sflt - /? A x ) = h m (w x t) p A sat 

(1-4,). with 

Rej = iij. L/ c = 5 m/s x 25 m/ 1 5 . 7 1 x 1 0" 6 m 2 / s = 7.9G x 1 0 & 



Eq. 7.42 yields ShL - 



0.037 



/ M 4/5 
(7.96x10" 



-871 



(0.6) l/3 =9616 



h m - 96 1 6 D AB / L = 96 1 6 x 0.26 x 1 0" 4 m 2 / s / ( 25 m) = 0.0 1 0 m/s. 
With w — 2z — 2m, 

ti A = 0.01 m/s ( 2m x 25m) 0.0226 kg/m 3 (0.5) = 0.00565 kg/s = 20.3 kg/h. < 
(b) Performing a mass balance on a control volume about the water, 

— (pf V ) - h m (2 Z L) p AfSat (l-0a:) = ~7~, 

dt dl 



dl 



11 A = m A.st = v( W V ) " ( 2 z L ) PA.sat ( l " Ac ) = — f Pf 

dl dt 1 / 

(!-**)■ 



= -b, 



Pf 



Integrating, J dz = -h m ! — ( 1 - ) J dt 

* Pf o 



7 Pf 



I m x 997 kg/m 



h m PA,sat 1 ~ Ac 0.0 1 m/s x 0.022 6 kg/m 3 ( I - 0.5 ) 



:R.R2xlO' s- 2451 h - 102 d. 



COMMENTS: Although the evaporation rale decreases with increasing time due to decreasing A s . 
dz/dt remains constant and the water depth decreases linearly. 
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PROBLEM 7.122 

KNOWN: Mass change for a given time period of a solid naphthalene cylinder subj ected to cross 
flow of air for prescribed conditions. 

FIND: (a) Mass transfer coefficient, h m , based upon experimental observations and (b) b m based 
upon appropriate correlation. 

SCHEMATIC: 

T^Zb'C > r 1 J M ass la*=Q.35*10~\$ 

^ ^^o^^S Tune period = 39mm 

p = 750,6mm Hg ^Cylinder 

D'l&M-nm, £=8S.9mm 

ASSUMPTIONS : (1) Steady- state conditions, (2) Negligible naphthalene vapor in free stream, (3) 
Heat-mass transfer analogy 7 applies. 

PROPERTIES: Table A-4. Air (299K. 1 aim): v = 15.80 >; 10" m"/s; Table A-6, Naphthalene 

-5 2 

vapor-air (298K, 1 atm): D^=0.62xlO m/s; Naphthalene (given): M = 128.1(5 kg/kmol, p^, = 

£ 

p x LO where E = 8.67 - (3766/T) with p[bar] and T[K]. 

ANALYSIS: (a) The rate equation for the sublimation of naphthalene vapor from the solid 
naphthalene can be mitten in terms of the mass transfer coefficient. 

A s(PAs _ ^A,oo) 
where A s — 7TDL From the mass loss and tune observations 

Am G.35xl0 _3 kg . „ in _ 7 , . 

ni = = -=1.30x10 kg/s. 

R At 39* 60s 

The saturation density of the vapor at the solid surface, p A .s> ca11 ue determined from the perfect gas 
relation, 

p As =C A ,M 4 = P ^ T ^ Ts - . (2) 

The saturation pressure, p s ^, is given by 

Psat=P x 10 E 0) 
where E = 8.67 -(3766/T) = 8.67 - (3766 /299K) = -3.925 

Tsr. t ti 1 N/m 1 in 1 bar 
p = 750.6 mm Hgx — x x =1.001 bar 

i in Ra 25.4 mm i vi n- lST/m 



or Psat =1.001 bar xlO 3 " 925 = 1 .190 < lO^bar 



2.953 x 1 0 in Hg ^ .4 mm ixl0 J N/m 

Continued 
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PROBLEM 7.122 (Cont.) 

Substituting into Eq. (2), 

. , nn , n -^. . 8.314xl0~ 3 m 3 bar/kmolK , , , -4. , 3 

o 4 „ = 1 . 1 90 x 1 0^ bar/ x 2 9 9 K = 6 . 1 3 5 * 1 O^kg/ m J . 

128.16 kg/kntol 



Using the parameters required for Eq. the mass transfer coefficient is 

r 



- 1.50x10 7 kg/s f, ,, c J , . 3 

h m = — — — — 6.135x10^-0 kg/m J 

;r(l8.4xl0~ 3 mj (88.9x10 3 mJ L J 



h m = 476xl0 2 mfs < 

(b) Invoking the heat-mass transfer analogy and assuming a Prandtl number ratio of unity. Eq. 7.53 
can be used to estimate h m , 



Dab 

With 

Re D = ™ = 12 iir's f 18.4 x 1 0~ 3 ] 111/ 1 5.80 x lO^m 2 / s = 1 3 7 975 

it follows from Table 7.4 that C = 0.26 and m = 0.6". With 

Sc = k-'Dab =15.80 k 10 _(5 m 2 /s/0.62 x l(T 5 m 2 / s = 2.55 
11 = 0.37 and 

ShD = 0.26(13,975)°- 6 (2.55) 0 - 37 =112.9 

and 

h m =Sh D ^AB = 1 12.9 x °- 62xl °"' m2 ' 8 = 3.80 x 1Q" 2 m/ S . < 
D 18.4x10 3 tn 

COMMENTS: The result from die correLition is 20% less than the experimental result. This may be 
considered reasonable in view of the uncertainties associated with the observations and the 
approximate nafttre of the correlation. 
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PROBLEM 7,123 



KNOWN: Flow of dry air over a cylindrical medium saturated with water. 

FIND: (a) Mass rate of water vapor evaporated per unit length ha , when water- air is at 300 K, (b) 
Briefly explain change in mass rate if temperatures are at 325 K. 



SCHEMATIC: 



15 m/s 
7"^= 300 K 
P, =0 
p = 1 atm 



-o , r =300K 




ASSUMPTIONS: (1) Steady-state conditions. (2) Heat-mass transfer analogy. 

PROPERTIES: Table A.4, Air (300 K, 1 atm): v = 15.S9 y. 10 -6 nr/s, Pr = 0.707; Air (325 K, 1 atm): v 
= 18.41 x 10" d m : /s. Pr = 0.703; Table A.S, Water vapor-air (300 K): D ffl = 0.26 x 10~ nr/s: Table A.6, 
Water vapor (300 K, 1 atm): pA. Si , = (v s )" 1 = (39.13 nr/kg)" 1 = 0.0256 kg'm 3 ; Water vapor (325 K, 1 ami}: 
PAjm = Cvg}" 1 = (1 106 nr/kg)" 1 = 0.0904 kg/nr. 

ANALYSIS : (a) For cross-flow over a cylinder, Eq. 7.52. 



ShD =CRe m Sc 1/3 

where m.n are taken from Table 7.2. Calculate the Reynolds number. Ren = VD/v = 15 m/s x 0.04 
m'15.S9 x 10" 6 nr/s = 37,760. With C = 0.193. m = 0.618, and Sc = I-'/Dab . 



(1) 



~ ~il -'3 

: 0.193(37, 760)°- 61S j 15. 89xlO" 6 m 2 /s/o.26xlO~ 4 m 2 /s ' =110.4(2) 



D 



.A3 



h m = ShD D AB /D = 110.4 x 0.26 xlO -4 m 2 /s/o 04m = 0.07 17 m/s 



The evaporation rate, with A s = ,fD -€,is 

a A = lim A s ( PA,s ~ PA,™ ) n A = n A A = h D ( PA, s~PA,cc ) 

n' A = 0.0717 m/s (a"x 0.04m) ( 0.0256 - 0) kg/m 3 = 2.3 lx 10^ kg/s -m 



(3) 
< 



(b) The foregoing equations were entered into the IHT Workspace, and using the Properties Tools for air 
and water vapor thermophysical properties, the evaporation rate n!\ was calculated as a function of air- 
water temperatures (T s = Tm). 

Continued... 
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PROBLEM ".123 (Com.) 




D ~f 1 1 1 1 1 1 1 1 1 

3DD 3 ID 331 330 1AQ 350 



Air-irater temperature. Ts, Tint (K> 



As expected, the evaporation rate increased with increasing temperature markedly. For a 50 K increase, 
the evaporation rate increased by a factor of approximately 12. 

COMMENTS: (1) What parameters cause tins high sensitivity of 114 to T\7 From the IFfT analysis, we 

observed only modest changes in D AE (0.26 to 0.33 x 10" m 2 /s) and h m (0.07273 to 0.0779 m/s) over the 

range 300 to 350 K. The density of water vapor, p^ s , however, is highly temperature dependent as can 

be seen by examining the steam tables, Table A. 6. Find pj± s (300 K) = 0.02556 ks/m' while p& s 

(350 K) = 0.260 kgiii 3 , which accounts for more than a factor of 10 change. 

(2) A copy of the IHT Workspace used to perform the analysis is shown below. 

■'■'The Mass Transfer Rate Equation: 

nrA = hmbar * pi * □ * (rhoAs - 0 ) !! Eq (3> 

n'A_plot = 1 e4 * nPA It Scale change for plotting 

Mass Transfer Coefficient Correlation: 
ShDbsr = C*ReD Jl m*Sc"{ J l/3) // Eq (1.2) 

ShDbar = hmbar* D/ DAB 

C =0.193 //Table 7.2. 4D00 <- ReD <= ^0000 

n- = 3.616 

ReD = uinf * □ I nu 

5c = nu I DAB 

// Properties Tool - Water Vapor: 

// Water pro Derty functions :T dependence, From Table A.S 

// Units: T(K), p(bars); 

xs = 1 //duality (0=sat I iquid or 1 =sat vapor) 

rhoAs = rho_Tx("Water",Ta ! xs) // Density, kgrfm'-3 

// Properties Tool - Air: 

// Air property functions : From Table A.4 

// Units: T(K}; 1 arm pressure 

nu = nu_T("Air",Tf) // Kinematic viscosity, nV2/s 

// Properties, Table A.8, Water Vapor - Air: 

DAB = 0.2Se^t * ( Tf / 29B )*1 .5 // Table A .8 

Tf = frs + Tnf}J2 

//Assigned Variables: 

Ts = 300 // Surface temperature, K 

D= 0 .040 // Diameter, m 

uinf = 1 5 // Airstream velocity, mte 

Ti nf = Ts // Airstream temperature, K 
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PROBLEM 7.124 



KNOWN: Dry air at prescribed temperature and velocity flowing over a long, wetted cylinder of 
diameter 20 aim. Imbedded electrical heater maintains the surface at T 3 = 20°C. 

EIXD: (a) Water evaporation rate per unit length (kg/li m) and electrical power per unit length (Wan) 

required to maintain steady-state conditions, and (b) The temperature of the cylinder after all the water 
has evaporated for the same air stream conditions and heater power of part (a). 

SCHEMATIC 

T S =2Q °C 





Water film, 
cylinder, 
D = 20 mm 

(a) Water film (b) Dry surface 

ASSUMPTIONS: (1) Steady-state conditions. (2) Constant properties arid (3) Heat-mass transfer 
analogy is applicable. 

PROPERTIES Tabie A.4, Air (Tf =(T s 4T 0C )/2 = 300 K, 1 ami): p = 1.L6 kgW, c, = 1007 J/kg-K, 

k = 0.0263 W/m-K v = 15.94 x 10" 6 rrf/s. a = 2.257 x 10" 5 afk. Table A.6., Water (T= = 20 C C = 293 K): 
p A ., = 1/vg = 1/59.04 = 0.0169 kg/rfl\ h :g = 2454 kJ/K; Table A. 8, Water-air (T ; = 300 K): Dab = 0.26 x 
L0' + m : /s,~ 



ANALYSIS: (a) Perform an energy balance on the cylinder. 

Ein _ E out =0 Fg - q conv - qgvap = ® CO 

where the convection and evaporation rate equations are. 

<Wv = hD^D (T s - T,, ) (2) 

levap = n A h fg = Ki* D {pA,$ ~ PA,™ ) hfg (3) 
The convection coefficient can be estimated from the Churchill-Bernstein correlation. Eq. 7.54. 



Nud = 0.3-- 



1/7 1 ■' 3 

0.62 Re^ - Pr 



,2 = 



-|1''4 



Re D = 



j l + (0.4/Pr) 

YD _ 15m/sx 0.020m 
" 15.94xl0" 6 m 2 /s 



V 



/ Re 



D 



282,000 



3/5 



4 ? 



= 18.821 



0.62 (IS, 82l) 1/2 (0.707) 



Nud = 0.3 + 



.1 5 



1 + 



( 0.4/0.707 ) 2 '' 3 j 



1- 



1S.S21 



\3/S 



4/5 



■ 76.5 



r k— 0.0263 W/m-K ^ _ 

h n = — Nun = ' x76.5=101W/: 

D 0.020 m 



m 2 -K 



Continued... 
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PROBLEM 7.124(C out.) 

Evoking the heat-mas i analogy, Chapter 6". with n = 1/3 



-2/3 < ,„_5 2 1 ■~ 2 ' 3 



2.257x10 -m-h \ I i 

1 =1284 J/ in -K 



hn f ft / i , 2.257x10 nT/s 
^ = ^p| =1.16kg/m J *lO07j/k g -K — — i- 

h m D AB.- J 0.26x10^ ni/s 

h m =101 w/m 2 - K/l 284 j/m 3 ■ K = O.G7S7ni/s 
Substituting numerical value i. the energy balance, Eq. (1), 

P e -10iw/m 2 -KxjrxO..Q20m(20-35)K 

- 0.07S7 m/s x s x 0.020m(0.01 69 - 0)kg/m 3 x 2454 x 1 0 3 j/kg K = 0 

P e = -95. 1 W/m + 205 . 1 W/m = 110 W/m < 
"The evaporation rate is 

11 A = Sdi' tD (pa.s ~ ftV,* ) = 0.07S7 m/s ?rx 0.0020 m(0.0169-0)kg/ m 3 = 0.301kg/h ■ m < 

(b) When the cylinder is dry, the energy balance is 
P^rTryrD^-T^) 

T 3 =T^+P^/h DJ TD = 35 3 C+110W/m/ / (l01w/m 2 -Kff=<0.020mJ=52.3 o C < 

C'OAEUENIS: "Using IHT Correlations Tool, External Flow, Cylinder, the calculation of part (b) was 
performed using the proper film temperature, T f = 31S.8 K, to find h D = 99.4 W/m 2 K and T 5 = 52.6°C. 
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PROBLEM 7.125 



KNOWN: Dry air at prescribed temperature and velocity flows over a rod covered with a thin porous 
coating saturated with water. The ends of the rod are attached to heat sinks maintained at a constant 
temperature. 

FEND: Temperature at the midspan of the rod and evaporation rate from the surface using a steady- state, 
finite-difference analysis. Validate your code, without the evaporation process, by comparing die 
temperature distribution with the analytical solution of a fin. 



SCHEMATIC: 

. Rod with porous coating, 
water saturated, 
D= 20 mm, k= 175 W/nvK 




125 mm 





20 °C 
V = 1 5 mis 

ASSUMPTIONS: (1) Steady- state conditions. (2) One-dimensional conduction in rod, (3) Constant 
properties, and (4) Heat-mass transfer analogy is applicable. 

PROPERTIES: Table A.4, Air (Tf , see Eq. (2); 1 atm): p, c p . k, a, Pr; Table A.6, Water (T a = T iir , x , 1 
atm): Pa. sat = V l 'g ' hf = ; Tab!e A S ' Water ^P 01 ^ (Tf . 1 atm): Dm = Dab(298 K) x (Tf /298) 1 ' 5 . 

ANALYSIS: As suggested, the 10-node network shown above represents the lialf-length of the system. 
Performing an energy balance on the control volume about the m-th node, the finite-difference equation 
for the system is derived. 

^iu — -^out = ^ 



la -Qevap + lb+lc =0 



kA c 



Tm+1 Tjj 



" n A.m h fg,m + hPix ( T oc " T m ) + ^c 



T m-1 _ T n 



= 0 



(1) 



Ax 1 ^ ~ Ax 

where the cross-sectional area and perimeter are Ac = nDV4 and P = tiD, respectively. The average heat 
transfer coefficient h can be evaluated using the C hurchill-Bernstein correlation, Eq. 7.54. evaluating 
thermophysical properties at an average film temperature for the system, 



Tf =[(T 1 + T b )/2 + T x ]/2 
The evaporation rate from Eq. [1) can be expressed as 
n A.m = ^D.,iii PAx ( PA,s.m " 0 ! 



where hpj m can be determined from the heat-mass analogy. Eq. 6.60. with n = 1/3, 

v-2/3 

a 

= pc v\ 



'i.dab; 



(2) 



(3) 



(4) 



Continued.. 
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PROBLEM ".125 (Ctmt.) 



where all properties are evaluated at Tf . The density of water vapor, p A s ra , as well as the heat of 
vaporization, hfg m , must be evaluated at the nodal temperature TV,. 

Using the IHT Con-elation Tool, External Flow, Cylinder, an estimate of h D =101 W/ur-K was 
obtained with Tf = 298.5 K (based upon assumed value of T] = 27 3 C). From the analogy. Eq. (4V find 
that hj} m = 0.0772 rain. Using the IHT Workspace, the finite- difference equations, Eq. (1), were 
entered and the temperature distribution (K, Case 1) determined as tabula:ed below. Usbg this same code 
with hD.m = 10 x 10" 10 m/s, the temperature distribution (K. Case 2) was obtained. The results 

compared identically with the analytical solution for a fin with an adiabatic tip using the IHT Model, 
Extended Surface, Rectangular Pin Fin. 

Case Tl T : T= T 4 T; T s T? T s T 9 T 0 T t < 

1 2S7 287.2 287.6 28S.3 289.4 290.9 292.9 295.4 298.6 302.7 3GS 

2 300.3 300.4 300.6 300.9 301.4 302.1 302.8 303.8 305 306,4 3 OS 

The evaporation rate obtained by summing rates from each nodal element including node b is 

n Aroi = 1 .OS x 1 G~ 5 kg/s < 
COMMENTS: A copy of the IHT Workspace used to perform the above analysis is shown below. 

// Modal fi lite-difference equations (Only Nodes 1. 2 and 10 shown): 

k * Ac * \T2 - T1 ) 1 delx - mdotl * hfgl + hbar * P * delx * (Tinf - T1 ) + k * Ac * (T2 - T1) / delx = 0 
mdotl = hmbar * P * delx * rtioAl 

k 1 Ac * (T3 - T2) / delx - mdot2 * hfg2 + hbar * P * dels * (Tinf - T2) + k * Ac * (T1 - Tl) t delx = 0 
mdot2 = hmbar * P * debt * rhoA2 



k 1 Ac * (Tli - Tia J ! delx - mdotia 1 hfg10 + hbar * P * delx * (Tinf - T10) + k * Ac « (T9 - T10}/ delx = 0 
mdotlO = hmbar * P * dels * rhoAlO 

// Evaporation Rate: 

nttot = mdotl (2 + rmdot2 + mdzG + mdot4 + mdotS + mdotO + mdot7 + mdolS - rndoO + mdotl D + rndotli 
mdclb = hmbar * P * delx/2 * rtioAb 

// Properties Tool - Water Vapor, rrioAm and hfgm 
// Water pro Derty fu n ctions :T dependence , From Tab! e A. B 
// Units: T(K). p(bars); 
x = 1 

rhoA1 = rho._Tx{"Watei",T1,x) 
hfgl = li1g_T("Water",T1 J 
rhoA2 = rho_Tx("Watei J, ,T2,x) 
hfg2 = hfgJT'Water","^) 



II Quality [0=sat liquid or 1 =sat vapor) 

It Density, kg/nrra 

11 Heat or" vaporization. J/kg 

II Density, kg/m*3 

11 Heat or" vaporization, J/kg 



rtioA10 = rho_Tx('Watei J ',T10.x) 
hfglu = hfg_T("Water J, ,T10) 
rtioAb = rho_Tx{"Watei J, ,Tb,x) 
hfgb = hfg_T("Water",Tb) 

//Assigned Variables 
Ac = pi * D*2 (4 
P = pi * D 
□ = 0.020 
delx = 0.125 /ID 
k - ■ 75 
Tb = 35 + 273 
Tinf = 20 + 273 
hrrbar = 0.07719 
hbar = 101 



// Density. kg/mM 

// Heat <y vaporization, J/kg 

// Density, kg/m*3 

// Heat of vaporization. J/kg 



// Cross-sectional area, m"2 

// Perimeter, m 

// Diameter, m 

// Spatial increment, rn 

//Thermal conductivity, VWm.K 

// Base temperature K 

// Fluid temperature : K 

// Average mass transfer coefficient, m/s 

// Average heat transfer coefficient, W/m*2.K 
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PROBLEM 7.126 

KNOWN: The dimensions of a cylinder which approximates the human body. 

FEND: (a) Heat loss by forced convection to ambient air, (b) Total heat loss when a water film covers 
the surface. 



SCHEMATIC: 

0 = 0.6 




- 1 Approxiitra Hon to 

L-llSm hunwn body with 
and without water 
film fA\i; = 30"C 



1 



ASSUMPTIONS : (1) Direct contact between skin and air (no clothing), (2) Negligible radiation 
effects, (3) Heat and mass transfer analogy is applicable, (4) Water vapor is an ideal gas. 

PROPERTIES: Table A-6, Water (30 S C = 303 K): p A ,sar = Vg 1 = 0.0336 kg/m 3 , hf B = 2431 kJ7kg; 

3 ^ 

Water (2jQ°C = 293K): PAsat = 0017 kg/m ; Table A-4, Air: (T^ = 20°C = 293K): v = 15.27 x 10 
nWs, k = 25.7 x 10" W/m-K, Pr= 0.71: Table AS, Water vapor-air (300K): Dab = 26 * 10~ m h, 
Sc = v/Dab =0.59. 
ANALYSIS: (a) Hie heat rate is 
q = h(^DL) (T S -I K ) 

With 

YD i'10m/s] (0.3 m) * 
Re D = = -i ^ — ^. = i.96xl0 3 

15.27x10"° m 2 /s 

obtain h from Eq. 7.53. where n = 0.37 and, from Table 7.4, C = 0.26 and m = 0.6, 



.0.6 



Nud = 0.6(1.96x10^"" (0.71) 037 (0.71/0.71) u -" = 343 



.0.25 



— — k 25 7x10 3 

Hence h = Nud — = 343 x — : 

D 0.3 m 

and q = 29.4 W/m 2 K (#x 0 3 m x 1 .75 m) (30 - 20 )° C = 485 W. < 

(b) The total heat loss with the water film includes latent, as well as sensible, contributions and may be 
expressed as 

q=h(^DL) (T s -T K )+n A h fg 

where n A =h m (,tDL) [^Asat ( T s ) _ PA,»] 

PA,sar C T s ) = 0.0336 kg/m 3 p A ^ * ^sal (T» ) = 0.6 ( 0.0 1 7) = 0.0 1 0 kg/m 3 . 

Continued 
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PROBLEM 7.126(Ccnt.) 

The convection mass transfer coefficient may be obtained by expressing the mass transfer analog of 
Eq. 7.53. Neglecting the Pr ratio, the analogous form is 

ShD = 0.26 ReJ, 6 Sc 037 



ShD = 0.26 fl .96 xl0 5 )°" <5 (0.59) 0 " 37 = 320. 



Hence 



r lin Di R 320x0.26x10^ m 2 /s 

h m = 320^a- = =0.028 mis. 

m D 0.3 tn 

The evaporation rate is then 

.3 



ri A = 0.02Sm.'s (3-x0.3mxl.75 m) [0.0336-0.010] kgW 

Hence. 



n A =1.09 -10 3 tg.-s. 



q = 485 W + 1 .09 x 10~\g/s x 2.43 1 x 10 6 J/kg 



q = 485 W + 2650 W = 3 135 W. 



COMMENTS: The evaporative {Latent) heat loss dominates over the sensible heat loss. Its effect is 
often felt when stepping out of a swimming pool or other body of water. 
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PROBLEM 7.127 

KNOWN: Horizontal tube exposed to transverse stream of dry air. 

FIND: Equation to determine heat transfer enhancement due to wetting. Evaluate enhancement for 
prescribed conditions. 



SCHEMATIC: 



T s >T a 




com 




evap 



ASSUMPTIONS: ( I ) Steady-state conditions, {2) 1 leat-inass transfer analogy applicable, (3 ) Water 
vapor behaves as perfect gas. 

3 

PROPERTIES: Table A-4. Air (3 10K. I atm): p- 1.1281 kg/m . c p - 1 007.4 J/kg. v- 16.90 x 10 

6 2 -4 2 

m /s, Pr - 0.706; Table A-H, Air-water vapor mixture (3 1 OK): D AB as 0.26 x 1 0 m 1% Sc = 

3 

v R / D A B 0.650; Table A-6, Satu rated water vapor (320K): p A sat = 1 /v g = 0. 07 1 5 3 kg/m , hf 0 = 
2390 Ll/kg. 

ANALYSIS: The enhancement due to wetting can be expressed as the ratio of the wet-to-dry cylinder 
heal fluxes. 



q w 1 eon v + c 1 c vap 
qd Iconv 



He vap 
9conv 



where 



qconv = h ( T s - T oo ) qevap = *A h fg = h m [PA* " hfg = h m /?A,sat h fg • 

Invoking the heat-mass transfer analogy, using Eq. 6.60. find 
h / \ . 1-n I \ ,„ ~ \2/3 



=- = (^c p ) B Lc'-"=(pc p ) R (Sc/Pr) 

assuming n = 1/3 with p A ,oo = 0, find 
( / 7C p ) [j (Sc/Pr) 



^=1 + 
qd 



,2/3 



n-1 



/ 7 A,snt h fg 



(T s -Tco) 



Substituting numerical values, the enhancement is 

,2/3 



c lw 

0 

'Id 



1.1281 — x 1 007.4— 
m 3 kg J 



0.650 
0,706 



0.07153 kg/m 3 x 2390 x 10 3 J/kg 



(320 - 300) K 



= 9.0. 



COMMENTS: Kor the prescribed conditions, the effect of wetting is to enhance the heat transfer by 
nearly an order of magnitude. Will the enhancement increase or decrease with increasing T s ? 
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PROBLEM 7,128 



KNOWN: Moisture-soaked paper is cylindrical form maintained at given temperature by imbedded 
heaters. Dry air at prescribed velocity and temperature in cross flow over cylinder. 

FTXD: (a) Required electrical power and the evaporation rate per unit length, q^p and , 

respectively, and (b) Calculate and plot q' and n'^_ as a function of dry air velocity 5 < V < 20 m/s and 
paper temperatures of 65, 70 and 75 °C. 

SCHEMATIC: 




<<evap 



Moisture-soaked paper 
cylinder, D = 0.15 m, T s - 70 °C 



— " >^ 

ASSUMPTIONS: (1) Steady-state conditions. (2) Heat-mass transfer analogy applicable. (3) Negligible 
radiation effects. 

PROPERTIES: Table AA, Air (T, = 20°C = 293 K, 1 atm): p = 1.1941 kg.'m 3 , c F = 1007 I/kg K, k = 
25.7 x LO' 3 WmK, v = 15.26 x 10' 6 mVs, Pr= 0.709; (T 5 =70°C = 343 K): Pr 5 =0.701; TableA.6, Sat. 
water vapor (T s = 70 D C = 343 K): p As = l/v s = 0. 196 kg/m\ h^ = 2334 x 10 3 J/kg; Table A.8, Air-water 
vapor mixture (T f = (T D + T ; )/2 = 3 IS K, 1 atm): D ffl = 0.26 x 10" 4 nr/s.(3 IS/298) 3 ' 2 = 0.29 x 10 4 rffVsL 

ANALYSIS : (a) From an energy balance on the cylinder on a per unit length basis. 

lelec = Iconv ~ levap lelec = ' tD [ h ( T s ~ T ^o ) + Vi {pa,s ~ PAjn ) h fg ] 

where p\ ^ = 0. the freestream air is dry, and pj^ s = p& sar (J-J. To estimate h, find 

Rep = VD = 10nVsxQ5m ^ 

v 15.26 xlO^m^/s 
and using the Zhukauskus correlation, from Table 7.4: C = 0.26 : m = 0.6, and n = 0.37, 

^ D= i^ = 0.26Re 0 - 6 Pr 0 - 37 i: Pr/Pr,} 025 



(1) 



(2) 



(3) 



0.0257W/m-K 



h = " x 0.26 (98, 296)° 6 (0.709)° 37 (0.709/0.701)° 2S =38.9 w/m- K. 



Lsing the heat-mass analogy with n = 1/3, find 

h/h m = (pc p ) (Sc/Prf 3 = ( pc p ) (k/Dab/Pt) 273 



(4) 



h m = 3S.9 \vf m 2 ■ K i ( 1 . 1941 kg/tti 3 > 1 007 j/kg ■ K j 



15.26x10 6 m-/-/o-29xlO 4 m J /^ 
0.709 



2/3 



h m =0.03946 m/s - 
Hence, the electric power requirement is 

"Ufa = J5r * 0 15m [ 3S:9 w/m 2 -K(70-2C)K + 0.03946in/i(:>J9G-0)kg/tn 3 x23345<10 3 j/kgj| 



Continued. . 
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PROBLEM ".128 <C oiit.) 

q^ec ={917 +8507) W/m = 9424 W/m (5) < 

(b) The foregoing equations were entered into the IHT Workspace, and using the Properties Tools, for air 
and water vapor required thermophysical properties, the required electrical power, q' , and evaporation 

rate, n'^ . were calculated as a function of dry air velocity 7 for selected water temperatures. 




CXWEMENTS: (1) Note at which temperatures the thermophysical properties are evaluated. 

(2) From Equation (5), note that the evaporation heat rate far exceeds that due to convection. 

(3) From the plots, note that both qgi ec and n^ are nearly proportional to air velocity 7 , and increase with 
increasing water temperature. 
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PROBLEM ".129 

K>*OW>~: Dry- and wet-bulb temperatures associated with a moist airflow through a large diameter 
duct of prescribed surface temperature. 

FEND: Temperature and relative humidity of airflow. 

SCHEMATIC: 

j — Dry -bulb them-iorn-ater, 
i™W Tat, - 4$ "C. I?t±ii ■ 3 mm, - 0.95 



Wick 1 

' — Wet -b jib thermometer, 

ASSUMPTION'S: (1) Steady- state conditions, (2) Conduction along time thermometers is negligible, 
(3) Duct wall forms a large enclosure about the thermometers. 

PROPERTIES: Table A-4, Air (3LSK, 1 ami): v = 17.7 x 10^ m\ k = 0.0276 W m X. Pr = 0.70; 
Table A-4.. Air (298K L atm): v = 15.7 x 10" m /s, k = 0.0261 W/'m-K Pr = 0.7 L TabteA-6, 

Saturated water vapor (29 8K): v 2 = 44.3 m /kg, hf s = 2442 kJ/kg, Saturated water vapor (3 1B.5K): 

3 -4 2 

v E = 15.5 m /kg; Iflite .4-5, Water vapor- air (29 SK): D^b = 0.26 x 1 0 m /s, Sc = 0.60. 

ANALYSIS: Dry-bulb Thermometer. Since > T t , there is net radiation transfer from the surface 
of the dry -bulb thermometer to the duct wall. Hence to maintain steady -state conditions, the 

thermometer temperature must be less than that of the air (T^ D < T. B ) to allow for convection heat 

transfer from the air. Hence, from application of a surface energy balance to the thermometer, q^onv = 

cjrad- or, from Eqs. 6.2 and 1.7, 

h^db ( T » " Tdb ) = %A db tT [ T^ b - T 4 ] . 
The air temperature is then 

T 0C =T db + ( £gt 7/h)(T 4 b -T s 4 ) (1) 

where h may be obtained from Eq. 7.53. 

Wei-bulb Temperature: The relative humidity may be obtained by performing an energy balance on 
the wet-bulb thermometer. In tin* case convection heat transfer to the wick is balanced by evaporative 
and radiative heat losses from the wick, 

Iconv = levap + Irad levap^ A A wb h fg = ^m [PA,sat ( T wb ) _ #»ftMat ( T oo )] A wb h fg- 
hA wb (T x -Tfljfc) = h m [pAsat ( T wb)-&oPA,sat (T»)]A w biifc + f w A wb cr^T wb -T s j 

4c = j PA, sat C Twb ) + ( T tb ~ T * ) ~ M T » - T wb ) ■' h fgh m j / PAsat (T« ) (2) 
where h ln maybe determined from the mass transfer analog of Eq. 7.53. 

Continued 
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PROBLEM 7.129 (Cont.) 

Convection Calculations: For the prescribed conditions, the Reynolds number associated 'with the 
dry-bulb thermometer is 

Re D(dbl = VD db !v = 5 m '* * 0 003 m/17.7xl0~ 6 m 2 !% = S47. 
Approximating the Prandtl number ratio as unity, from Eq. 7.53 and Table 7.4, 

Nu D (db) = CR«D[db) Pfl1 = ° ^( £47 ) 0 " 5 ( 0 - 70 ) 0,3T 

5 = i j.pi JE- = ! 3. 01 0 0276 W/m " K = L20 W/m 2 ■ K. 
D c ib 0.003 m 

From Eq. (1) the air temperature is 

Toc , 45 Q C+ 0-^^-67^ IP" W-K 4 (3 18 4_ 30S 4W4 =45nc + a5fc = 456 o c < 
12GW/m z -K V 

The relative humidity may now be obtamed from Eq. (2). The Reynolds number associated with the 
wet -bulb thermometer is 

Re D | ^ = ™ w b ' ^ = 5 ™- /& x 0.004 m/ 1 5.7 x 1 0" 6 in 2 / s = 1274. 

From Eq. 7.53 and Table 7.4, it follows that 

NuD(wb) =0.26(1274)°- 6 (0.71) 0 - 37 =16.71 

E = 16.7 1— = 16.71 0 0261 W/m - K = 109 W/m 2 - K. 

0.004 in 

Using the mass transfer analog of Eq. 7.53, it also follows that 

0.6 ,,0.37 =1 „ 



Sh D (wb) = 0.26Re^ wb ^c u - J/ = 0.26(1 274) U " D (0.6) 

V = 15 7 °AB = U-7x 0.26 * Itf* m 2 /■ = ^ 
m D wb 0 004 m 



Also, p^gat (T wb ) = v g (298K) 1 = (44.3 m 3 / kg J = 0.0226 kg/m 3 

PA,sat ( T 33 ) = T g (3 1 8.5 K f 1 = ( 1 5 .5 m 3 / kg) 1 = 0.0645 kg/ni 3 
Hence the relative humidity is, from Eq. (2) 

rC^x;.67<10" 3 \V/m 2 -K 4 (2?S 4 -3CB' 1 fK 4 -lOJW.'m 2 K (45.55 - 25)k1] 

0226 i^m 1 + J p p ■ ■■ 0.0645 ^-m 2, 

(2.442*10* J/kgj{0.102 Wis) 

4, = 0.21 < 

COMMENTS: (1) The effect of radiation exchange between the duct wall and the thermometers is 
small For this reason T^ = T^. (2) The evaporative heat loss is significant due to the small value of 
(ft, causing T w -, to be significantly less than T x . 
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PROBLEM 7.130 

KNOWN: Velocity, diameter and temperature of a spherical droplet. Conditions of surroundings.. 

FIND : (a) Expressions, for droplet evaporation and cooling rates, (b) Evaporation and cooling rates 
for prescribed conditions. 

SCHEMATIC: 



Water, T=4C°Q 




A; 

=06 




ASSUMPTIONS: (1) Negligible temperature gradients in the drop, (2) Heat and mass transfer 
analogy is applicable, (3) Perfect gas behavior for vapor. 

PROPERTIES: Table. A-4. Air {T^ = 29SK, 1 aim): v= 15.71 x 10" liWs, k = 0.0261 W/m-K, Pr = 

3 3 
0.71; Table A-6, Water (T = 40 3 C): PA,sat = 0.050 kg/m , hf g = 2407 kJ/kg = p{ = 992 kg/m = c p £ = 

41 79 J/kg K; {Tqc = 25 °C): pA,sat = 0.023 kg.'m 3 ; Ta£>fe ^1-5, Water vapor-air (298K): Dab = 0-26 x 
LO" 4 m" s. 

ANALYSIS: (a) The evaporation rate is given by 

m evap = h m A s ( p As - /?a,od ) = hm^ 2 [ft^sat ( T ) ~ 4cPAsat ( T qd )] ■ < 
The cooling rate is obtained from an energy balance performed for a control surface about the droplet, 

^st ~ _( lout ~ ~~ ( Iconv ~~ Irad ~~ <levap ) 



_d_ 

dr 



PC 



■- -A, j h (T s - T K ) + £(J j T s 4 - T s 4 ur j + m* vap h % 



With A % = ttD .it follows (for 

dT _ 6 r 
dt 



c f D > h ^ Ts ~ T<K ^ £ ° I ^ ~ ^ ) ~ m ^^P hf S ]■ 



(b) To obtain h m . the mass transfer analog of the Ranz-Marshall correlation gives 
Sh D =2^G..6Re^ 2 Sc 1/3 



where 



Re D = = 



■ 15.71xl0" 6 m 2 /& 



= 1337, Sc = 



15.71x10 



D AB 26^10 



- = 0.60. 



Continued 
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PROBLEM 7.130 (Cont.) 

Hence 

— 1/9 1 ' 1 

ShD =2 + 0.6(1337) "(0.6) =20.5 

7 77 D AB ^ ,0 26x10^ m 2 / 5 , 

h™ =S1id — ^- = 20.3 = 0.18 m/s 

m D 0.003 m 

mCTap =0.18 m/s jt (0.003 m) 2 [0.05 -0.6 x .023] kg/m 3 = 1 .82 x 10~ 7 kg/s. 

The evaporative heat flux is then 

. qevap 1.S2X10-? kg/s(2.407*10 6 J/kg) 

levap _ . _ — 7 

A s ,tD z jr(0.003 mr 



Qevap 



= 15,494 W/m- 



Usmg the heat transfer correlation, the Nusselt number is 

1/11/1 1/9 1/1 

Nud = 2-l-0.6R.eQ Pr =2-0.6(1337) (0.71) =21.58. 

Hence h = Nud - = 21.58 ° ° 261 W/m - R = 188 W/m 2 -K 

D 0.003 m 

and the sensible heat flux is 

Iconv = h (T - T x ) = 1 88 W/m 2 ■ K (40 - 25)° C 
qJ onv =2815 W/m 2 . 



The net radiative flux is 

<lrad = f £7 ( 1 ' 4 ~ T strr ) = °- 95 * 5 - 67 * 1 °~ 8 w/ ™ 2 ' K " 
qj ad =146 W/m 2 K. 



313 4 -28E 4 K 4 



AT £ 

Hence — =- = ('2815 + 146 + 15,494) W/m 2 

dt 992 kg/m 3 x 4 1 79 J/kg ■ K (0.003 m) 



dT 

IT' 



: -8.9 K/s. 



COMMENTS: (1) Evaporative cooling provides the dominant heat loss from the drop. (2) To test 
the validity of assuming negligible temperature gradients in the drop, calculate 

Br, 1 ^^ 1 , where h eff , -Sk- = = ?3g W /m 2 - K. 

k/ T-Tj) 25 

From Table A-6, k f = 0.63 1 W/m • K, hence 

738 W/m 2 - K f 0.0005 m) 

Bi * = 0.58. 

0.631 W/m K 

Hence, although suspect, the assumption is not totally unreasonable. 
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PROBLEM 7.131 



KNOWN": Cranberries with, an average diameter of 15 mm rolling over a fine screen. Thickness of 
the water film is 0.2 mm. 

FIND: Time required to dry the berries exposed to heated air with a velocity of 2 m/s and temperature 
of30°C. 

SCHEMATIC: 

Berry, D = 15 mm, 
water film, 0.2 mm thick 




a cr 



(_ Air p " Fine screen 

T t:Z£ M T t 1 

ASSUMPTIONS: (1) Steady-state conditions, (2) Air stream is dry, (3) Water film on the berries is 
also at 30' : 'C, (4) Convection process is uniform over the exposed surface, and (5) Heat- mass analogy 
is applicable. 

PROPERTIES: Table. A-6 T Water (T f = 3Q G C = 303 K): p A f = 995.8 kg/m 3 , yt? A ,g = 0.029S5 

kg.'in 3 ; Table AS, Water-air (Tf = 303 K, 1 atm): Dab = 0 26" x 10" 4 rrf /s (3Q3/29S) ' " = 

2 .67 x 10~ 5 m 2 /s; Table A-4, Air (T f = 303 K, 1 atm): fi= & = 1.86 x 10~ 5 N-s/ra 2 , v = 1.619 x 10" 5 

m".'s. a = 2.294 x 10° inVs. k = 0.02652 W/'m-K, Pr = 0 707 

ANALYSIS: The evaporation rate of water from the berry surface is given by the rate equation, 

n = h m A s ( p A s - p A ao ) (1) 

i — _ 
where A s = jcD" and h m is determined using the heat-mass analogy. Eq. 6.60, 

J- = -^L e ~ n (2) 

h m Dab 

where Le = q/Dab and typically n = 1/3. The heat transfer coefficient h is estimated with the 
Whitaker correlation, Eq. 7.56, 



Nu"]-, =^ = 2-|0.4 Re^ 2 -0.06Re^ 3 ]Pr a4 ( A /^) 1/4 

Substituting numerical values, find 

YD 2 m/s x 0.015 m ,„„ 
Re D = = _, _ =1EJ3 



(3) 



V 1.619x10 5 m 2 /s 



Nu D = 2 - 



0.4(1853) 1 '' 2 -0.06(1 853) 2/ 3 k (0.707 J 0 4 xl = 24.9 



h = 24.9x0.02652 W/m KJ 0.015 m = 44.0 W/m 2 -K 
and using the heat-mass analogy, 

h m = 44.0 W / m~ -Kx (2.67 x 10 -5 m 2 / s/o. 02652 W7 m k)x (0.S6 1 ) ly 



h m =0.0420 m/s 



Continued 
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PROBLEM 7.131 (Coat.) 

where 

Le = a I = 2294 x 10_5 ^ ' 4 2667 x 10_5 ^ 1 s = 0 861 
Using Eq. (1). the evaporation rate is 

n = 0.0420 ui/5x(,t(0.015 m) 2 )(0.Q2985-0)kg/m 3 = S.S7xlO" 7 kg/s 

TTie rime, x 0 , required to evaporate the water film of thickness 5 = 0.2 mm is 
nt 0 =M film = p AJ [xD 2 y 

t 0 = 995.8 kg /m 3 (V * (0.015 m) 2 ] < 0.0002 m/8.87 x 10~ 7 kg/s 
t 0 = 159 s 
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PROBLEM 7.133 

KNOWN: Diameter velocity and surface vapor concentration of alcohol droplet falling in quiescent air. 
Latent beat of vaporization and diffusion coefficient. Air temperature. 

FIND: Droplet surface temperature 

SCHEMATIC: 

? eemv ,,*AD Aa = 10" 5 m 2 /s 




D = 0.5 mm 
V = 1.8 m/s 

ASSUMPTIONS: (1) Steady-itate conditions. (2) Applicability of heat and mass transfer analogy. (3) 
Negligible radiation. (4) Negligible vapor concentration in air ( x = 0). 

PROPERTIES: Table A.4, air (T^ = 300 K): v = 15.89 x Iff 4 nrVs, k = 0.0263 W/m-K, Pr = 0.707. 
ANALYSIS: Application of a surface energy balance yields 
levap = Iconv 

h m (. PA,s _ PA.oo = h (Toe - T s ) 
h & 

With Re D = VD/v = 1 .8 m/s x 5 x 1 0" 4 m/l 5 .89 x 1 0"* 5 m 2 /s = 56.6 and Sc = v/D ^g = 1 .59. the 
Ranz-Marsliall correlation yields 

MiD = 2 + 0.6 Re^ 2 Pr 1/3 = 2 + 0.6(56. 6) 1 ' 2 (0.707) 1/3 = 6.02 

ShD = 2 + 0.6ReJj 2 Sc 1 ' 3 = 2 + 0 6(56.6) 1/2 (l.59 1/3 ) = 7.27 

With h m /h = Sh D (Dab/D)/^ (k/D). 

V = ShD_(D AB ) = 7.27x10-5 m y 5 ^,^^-4^.^ 
h NuD{k) 6.02x0. 0263 W/m-K ' 

Hence. 

T s =300K-4.59xl0 _4 m 3 -K/j(o.0573kg/m 3 j|s.42xl0 5 J/kg) = 277.9K < 
COMMENTS: The large vapor density 7 . pj± h . renders the evaporative cooling effect significant. 
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PROBLEM 7.134 



KNOWN: Diameter and density of liver cells, diameter of droplets. 

FIND: (a) Terminal velocity of the droplets when each droplet contains one liver cell, (b) Time 
of flight of a droplet containing one liver cell if the distance between injector and scaffold is L = 
4 inm : . (c) Initial evaporation rate from the droplet, (d) Comparison of the mass variation due to 
evaporation to vana:ion due to liver cell populations ranging from one to five per droplet. 



SCHEMATIC: 



D l0 = 20 \im 




Dp = 50 pm 

Droplet, Tj = 2S°C 

Human liver cell 
p,,^ 2400 kg/m 3 



Air 

V, T_ = 25°C, 4 = 0.5 

ASSUMPTIONS: (1) Constant properties. (2) Negligible evaporative cooling. (3) Stokes" law is 
valid. Cc = 24/ReD. (4) Neglect mass of displaced air in force balance, (5) Evaporation rate is 
unaffected by change in droplet diameter, (6) Negligible niicroscale mass transfer effects. 

PROPERTIES: Table A.4, air: (T = 25 °C = 298 K): p = 1.171 kg/ur\ v = 15.71 x 10" 3 nrVs, 
Table A.6, liquid water: (T = 25 C C = 298 K): p = 997.4 kg/m 3 , Table A.6, water vapor: (T = 25 
3 C = 298 K): v s = 44.25 nrVkg. Table A. 8, water vapor in air: (T = 25 °C = 298 K): Dab = 0.26 x 
10 4 niVs. 



ANALYSIS: 

(a) At terminal velocity, tlie face balance is 

M^CrjAfCpV 2 ^) (1) 

Tlie mass of the particle, M, is 

M=Vy> lE +(V p -V ]c )p p (2) 

The volume of the droplet is ¥ p = — tt * (25 * 10" s m) 3 = 6.54 x 10" 14 m 3 while the volume of a 

liver cell is - -x x {10 x W^mf =4.12 * 10" 15 m 3 and the frontal area is 

A f = ii x (25 x lO^m)- = 1.963 x 10- 9 m-. 
The mass is therefore 

M = 4.12 x 10" 15 m J x 2400 kg/m 3 + (6.54 x 10" 14 m J - 4.12 x lO" 1 ^) x 007.4 kg/in 3 
M = 7.10* lO^'kg (3) 
Note that C K = 24/Ren = 24 v/VDp ■: 4 ) 

C:ontmued. ... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM ".134 (Cant.) 



C ombining Equations L 2 and 3 yields 

M g Dp _ 7.10 x 10" i: kg x 9.8 m/s : x 50 x 10" 6 m 



12vA f p 12 x 15.71 x lO^m^'s x 1.963 x 10" 9 m 2 ^ 1.171 kg/m 3 
V = 0.080 m/s 

The volume fraction of liver cells in the slurry is 

f = V k /V p = 4.12 x 10- 15 m 3 /6.54 * 10" 14 m 3 = 0.063 

(b) The time of flight is 

t = L.-V = 4 x 10" 3 in /' 0.030 m/s = 50 x 10" 3 s = 50 ms 

(c) With Sc = y/Dab =1.571 x 10"= m 2 ,. ; s / 0.26 x 10~ m 2 . ; s = 0.604, the heat and mass transfer 
analog} 7 may be applied to Whitaker's correlation to yield 



= ^{2+ [o.4^+ O.O^Re^JPr 04 } 



■ p 

The Reynolds number is Re D = VD p /v = 0.0S m s x 50 x IQ^ m' 15.71 * 10" 6 m 2 /s = 0.255. 
Hence. 

h D = °- 26X 10 ^ m '* f 2 + ."0.4^0255 ^0.06(0.255pl0.r504°n 
_ 50xl0^m 1 L J J 

h n =1.14 m/s 

The initial evaporan on rate is 

n A =h D A{p A Mt -+p Aj5at ) 

n A = 1 . 14 m s x 7c x (50 x lO^m) 2 x 



44.25 44.25 



^§-=1.01 xl0- 10 kB/s < 
m 



(d) The sensitivity 7 may be estimated by comparing the change in mass due to evaporation to the 

difference in mass due to liver cell loading. 

Evaporation 

AM = n A t = 1.01 x 10" 10 kg/s * 50 * 10" 3 s = 5.05 x 10" !2 kg < 

Loading 

The droplet mass with 3 liver cells is 

M 3 = 3 x 4.12 x 10- 15 ui 3 x 2400 kg/ni 3 -+ (6.54 x 10" 14 ni 3 - 3 x 4.12 x 10" 15 m 3 ) x 997 A kg/rn 3 
M 3 = 8.26x ID" 11 kg 

The change in mass relative to one liver cell in the droplet is 

4M = M 3 -Mj =8.2(5 x 10" 11 kg -7.10 x 10" 11 kg = 1.1(5 * 10" 11 kg < 

The change m mass is more sensitive to variations in the number of liver cells than to 
evaporation. 

CXMEMENIS: (1) Inspection of Figure 7.8 shows that Stokes : law is valid at Rcd = 0.255. 
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PROBLEM 7.135 



KNOWN: Dimension and approximate shape of E. coli bacterium. Binary diffusivity. nutrient 
value, propulsion efficiency and concentration difference from free stream water-based solution 
to bacterium shell. 

FEND: Estimate the maximum E. coli speed in body diameters per second. 



SCHEMATIC: 




D = 2 jjm 



ASSUMPTIONS: (1) Negligible capability of bacterium to store energy, (2) Constant properties, 
(3) Steady-^tate. (4) Stoker" law i^ valid, that is Cd = 24/Rec, (5) Negligible microicale mass 
transfer effects. 

PROPERTIES: Table A.6, water (T = 37 a C = 3 1 0 K): p = 993 kg/m\ v = 6.999 x 10" ? m 2 /s ; Pr 
= 0.701. 

ANALYSIS: For the spherical bacterium shell 

Re D = VD/v = (V x 2 x K)-*my(6.999 x 10" 7 m 2 /s) = 2.85S (s/m) * V (1) 
The power required to propel the bacterium is 

p = EbV= C D A f p^ v= C D .D^ m 

— s 

_ 24 24 

assuming Lt> 

Re D 2.858 (s/m) V 

We may combine Equations 1 and 2 to yield 

P = 24 1113 P v = 1 x n x(2 x lOr^mfx 993 kp/m 3 * V 2 

2.85S & 2.S58s/m 

= 13.1 x 10" 9 Ws : /m 2 (V) 2 

For ii = 0.5, the energy to be delivered from the water -based solution to the bacterium is 

E = P/ti = 26.2 x icr 9 Ws 2 /ni 2 (V) 2 (3) 

The energy supplied to the bacterium is 
E = h m AmC = h m pD 3 



E = h m ,T(2 x 10" 6 m) 2 x 16,000 kJ/kg x 860 * 10" 12 kg/m 3 /4 



Continued. 
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PROBLEM ".135 (Coat.) 



E —43.23 * 10 Ws/rn * h m (4) 

Applying the hear and mass transfer analogy to tlie Whitaker correlation yields 

Sh 3 = = 2 +■ (0.4^/Re^ +■ 0.06 Reg 3 ) Sc a4 (-) 
Dab 1 

where S c = v = 6 999 * 10" 7 m 2 /s/(0.7 * 10" 9 m 2 /s) = 1000 
Therefore 

h m = °'^ X 1 i ° 0 ^ m ' S [ 2 +■ (o.4^2.S58 s/m x V + 0.06[ 2.S5S s/m * V)^J x lOOO 14 ] (5) 

Combining Equations (3) through (5) and solving for V yields 
V=70 x 10~ 6 m/s =70 urn's 

or V = 70 um/s * 1 body diameter/2 urn = 35 body diameters/s 

COMMENTS: (1) The maximum Reynolds number is Ren = VD/v = 70 x 10' fi ms x 2 x 10" e 
m 6.999 x 10''' nr/s = 200 x 10" e . The Whitaker correlation is extrapolated outside of its range of 
application and provides a Sherwood number of 2.093 and a mass transfer coefficient of 732 x 
10" 6 nis. Using a Sherwood number of avo, one would calculate a mass transfer coefficient of 
700 x 10'*' m/s. Using the limiting value of the Sherwood number would change the answer by 
less than 5%. (2) The small Reynolds number validates tlie application of Stokes" law. (3) It is 
hypothesized that the direction of rotation of the flagellum (clockwise or counterclockwise) is 
driven by the spatial concentration gradient in the solution. The direction of rotation changes with 
the solutions' nutrient concentration gradient in a manner that consistently "steers" the bacterium 
into more fertile feeding grounds. (4) The bacterium splits into multiple bacteria when it is 
stationary. Presumably, the energy needed to split tlie bacterium is available smce no power is 
needed to propel the E. coh during splitting. 
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PROBLEM 7.136 



KNOWN: Humidity and temperature of air entering heater; temperature of air leaving heater. Diameter, 
temperature and relative velocity of injected droplets. 

FIND: Droplet evaporation rate. 

SCHEMATIC: 

Water droplet 
D= 1 mm 

T B = 320 K 



P. , T= 320 K 

A, SB' » 




r.-=290 K 




7\ = 320 K 

Lr 



ASSUMPTIONS: (1) Negligible change in droplet diameter due to evaporation, (2) Negligible cooling 
of droplet due to evaporation. (3) Applicability of heat/mass transfer analogy, (4) Ideal gas behavior for 
vapor. 

PROPERTIES: Table A.4, air (T^ = T 0 = 320 K): v = 17.90 x 10* 6 m 3 /s, k = 0.0278 W/m-K. Pr = 0.705. 
Table A. 6. saturated water (T, = 290 K): p ;i1 = 0.01917 bars; (T, = 320 K): p a1 = 0.1053 bars, v ? = 13.98 
m'/kg. Table AS, H 2 0/air (T = 320 K): Das = 0.26 x 1 0 4 nr/s {320/298) 3ra = 0.289 x 10" 4 nrVs. 

ANALYSIS: Due to an increase in temperature, the air leaves the heater with a smaller relative humidity. 
With pi = 0.7 and p ii:i = 0.01517 bars, the vapor pressure at the heater inlet is p t = fop^u = 0.7(0.01917 
bars) =0.0134 bars. Since the vapor pressure doesn't change with passage through the heater, 

« 0-0134b,» = 0127 

Psat o 0 1053 bars 
The vapor density associated with air flow around the droplets is therefore 

PA.=o = &/>A,sar {To ) = &v g (T 0 ) _1 = 0.127 < 0.0715kg/ m 3 = 0.0091kg/ m 3 

; evaporation rate is 
m evap = V A s [PA,sat ( T s ) ~ PA,oc J 

where h m may be obtained from the mass transfer analog to the Whitaker correlation. With Rec = VD/'v 
= 15 ms > 0.001 m-17.9 x 10" 5 ur/s = 838, Sc = v/D.m = 17.9 x 10" 5 m : s,18.9 x 10 _i nr/s = 0.62, and 

Sh D = 2 + ( 0.4 Re^ 2 + 0.06 Ref,' ' 3 Jsc 0 " 4 = 2 + j^0.4{S38) 1/2 + 0.06 (S38) 2 ''' 3 j(0.62) 04 = 16.Q 
h m = ShD(D AB /D) = 16(0.289^10^m^/0-0Olm) = 0.462ni/s 



in 



evap 



0.462 in/s) jt( 0.00 1 m) 2 (0.071 5 - 0.0091 ) kg/ m 3 = 9.06 x 10 S kg/s 



COMMENTS: The energy required for evaporation must be supplied by convection heat transfer from 
the heated air to the droplet. Hence, in actuality, the droplet temperature T ; must be less than that of the 
free stream air. T , which in ram will decrease from the value T 0 at the heater outlet. 
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PROBLEM 7.137 

KNOWN: Diameter and temperature of sphere wetted with kerosene. Air flow conditions. 

FLND: (a) Minimum kerosene flow rate, (b) Air temperature required to maintain wetted surface at 
300K. 

SCHEMATIC: 

- - ' ■ - -t> — y 



V*lSm/s t, {f/*Xi Kerosene (A),T a = 500 K 



ASSUMPTIONS : (1) Steady-state conditions. (2) Sphere mount has a negligible influence on the 
flow field and hence on h, (3) Negligible kerosene vapor concentration in free stream. 

PROPERTIES: Table A-4. Aii (300K): v = 15.89 x 10^ m 2 /s. k = Q.0263 W/m-K. p = 1.161 kg/m 3 . 

.3 

Pr = 0.707; Kerosene (given): sat = 0.0 1 5 ks'm . hf s = 300 kJ.'ke: Kerosene vapor-air (given): 
-5 2 " 

d^b - i q m 

ANALYSIS: (a) The kerosene flowrate is = h m A ( /^sat — PA oc ) ■ Using the mass transfer 
analog of Eq. 7.56 and neglecting the viscosity ratio. 
ShD = 2 -f j 0.4 Re^ 2 + 0.06 Re§ 3 ) Sc 0 4 

., VD 15 m/s x 0.001 m „ AJ „ v 15.29xl0~ 6 , 
with Re D = = — - — = 944 Sc = = — = 1.:>9 

15.89xl0" 6 m 2 /s D AB 10xl0~° 

ShD = 2 + (0.4x944 L '' 2 + 0..06944 2/3 ) (1.59) 0 " 4 = 23.7 

h m = S1id 0^/0 = 23.7x10° m 2 /s/0.001 m = 0.237 m/s 

• 2- 

n A = 0.237 m/s z jlO" 3 mj 0.015 kg/m 3 = 1.12xlO _S kg/s. < 

(b) An energy balance on the sphere yields n A hf s = hA ( T^, — T s ) . Using the Whitaker 
correlation and neglecting the viscosity ratio. 

Nud = 2 + (o.4x 944*' ~ - 0.06 < 944 2,3 ) (0.707) 0 ' 4 =17.72 

h = Nuok.'D = 17.72 x 0.0263 W m ■ K70.00 1 m = 466 W/m 2 - K 

„ ^ n A lifg „ ftnTr 1 . 1 2 x 1 0" S kg/6 x 3 x 1 0 5 J/kg 
T K =T,+— f = 300K + — 2 | 

h,7D^ 466 W/m 2 -Kxj( 0.001 inf 

T K =300K + 2.3K = 302.3K < 
or Tjq — T s = 2.3K. 

C:0>niENTS: The small temperature excess (2.3K) is due to comparatively small values of p A %af 
and hfg for kerosene. 
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PROBLEM r .13S 



KNOWN: Geometry 7 and surface temperature of a tube bank with or without wetted surfaces. 
Temperature, velocity and flowrate associated with air in cross flow. 

FEND : (a) Ratio of air cooling with water film to that without film, (b) Air outlet temperature and 
specific humidity for prescribed conditions. 



SCHEMATIC: 




L = Q£m 



N 



o 
o 



2 



8fr7tti 



ASSUMPTIONS: (1) Steady-state conditions. (2) Heat and mass, transfer analogy is applicable. (3) 

Air is dry. (4) Heat and mass transfer driving potentials are T a j - T s and M t(T s ), (5) Vapor has 
negligible effect on flowrate. 

PKOPERTEES: Table A-4, Air {assume \ s= 305K): p = 1.1448 kgAii\ c p = 1007 J/kgK, v = 

-6 2 -6 1 

16.39x10 m7s, k = 0 . 02 67 W/m K, Pr = 0.706, ot = 23.2 x 10 in is: Tab i e A - 6. Water vapor (T s 

= 10°C): v g = 1 11.8 nwkg, p 4 Mt = 8.94 x 10" J ks?/m 3 . h fs = 2.47S x IE) 6 J/kg, Table AS, Water 

"-42" 
vapor-air (Tf x 298K): D^B = 0.26 x 10 m is, Sc = (v/Dab) = °- 630 - 



ANALYSIS: (a) Tlie rate of heat loss from the air may be expressed as 

Q = ™a c p,a ( 4a.i ~~ T a _ 0 ) 
in which case, the amount of air cooling is 

Without the water fibiL q wo « 

With the film, q w % hA f T a | — T s ^ 4- m^vap hfg 



q w * hA [ T. 



a.i 



" T s ) + h m A ( /7a, sat - PA,™ ) h fg 



(1) 
(2) 

(3) 



where pj± m = 0. Hence 

( T a,i- T a,o) w _ h~ m PA.sat h fg 

or substituting from Eq. 6.60, with Le = a/D^B and a value of n = 0.33, 
( T a,i- T a,oj w ^ | (DAfi/gf 67 ^Asat h fg 



Continued 
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PROBLEM 7.138 (Cent.) 

For the prescribed conditions, 



0.26xl[]" 4 ni 3 ■% 
0.232 xlO~V 2 .'s 



,0.67 



; S.94 x 1 0 3 kg. ; m 3 x 2.478 x 10 6 J/kg { ^ 



( T a,i- T a,o) w _ 

( T a ,i - \o } wo " 1 .145 kg/m 3 x 1007 J/kg - K (35 - 10 f C 

(b) T a o may be obtained from Eq. (1), where q is approximated by Eq. (2) or Eq. (3). With Srj = 
26 .S3 mm > (St + D)/2 =16, V mas is at the transverse plane. Hence 

St t 24- , . r , „ 4.5 msx 0.008 m _ E 

V max = — V = — x 3m's = 4.5m's ae D ^ = , , =2196. 

Sr-D 16 16.39xl0" 6 m 2 /s 

From Tables 7.7 and 7.8, C = 0.3 5 : m = 0.60, Ct = 0.98 and the Zhukauskas relation gives 

Nu D = 0.35(0. 98)(2196) 0 - 6 (0.706)° 36 = 30.6 
1 _ 

wherefPr/PrO ' is 1.00. Hence 

h = Nud k/D = 30.6(0.0267 W/m ■ K ) / O.OOS m = 1 02 W/m 2 ■ K. 

- -(DAE/ff) 0 - 67 w (0.26/ 0.232)° <" 

.Also h m = h^^ : = 102— i ; = 0.0956 m-s. 

P c p ni" -K 1.145 kg.W x 1 007 J/kg ■ K 

Hence 

qconv * hAf T a>1 -T s ) = 1 02 W/m 2 ■ K x ,t (O.OOS m ) 0.5 m x 60{35 - 1 0)" C = 1 923 W 
levap = u A h fg = h m A >?A,sat h fg 

q^. ap = 0.0956 m/s x ,t (0.008 m ) 0.5 m x 60f 8.94 x 1 0~ 3 kg/m 3 J 2.478 x 1 Q 6 J/kg 
levap *1597W. 
JT/rf? water film, 

T T W^,p^ 5 . c _ (192341597)W ^ Q 
' ■ m a c p a 0.5 kg/s x 1007 J/kg ■ K 

The specific humidity of the outlet air is 
n A _ h m 60ffDLp Aj&at 



o - ■ - 

m a in. 



0.0956 m/si 60,7 1 (0.008 m)0.5 m(s.94xl0~ 3 kg/m 3 ) 

Gf 0 = [ - ^ = 0.00129. < 

0.5 kg/s 

COMMENTS: (1) Enhancement of air cooling by evaporation is significant [T a o = Ta,i 

-q conv / m a Cp a st 3 1 . 1°C without the film). (2) Small value of ffi 0 justifies neglecting effect of 

evaporation on iii a . (3) qconv has been overestimated by using (T a [ - T s ) as tlie driving potential for 

convection heat transfer. A more accurate determination involves ATf m rather than (T a _i - T s ). (4) 
Apparently the air properties were evaluated at an appropriate T a . 
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PROBLEM 7.139 

KNOW: Dimensions of slot jet array. Jet exit velocity and temperature. Temperature of paper. 

FES'D: Drying rate per unit surface area. 

SCHE\IATTC: 



U = 0.2 m /s 

ASSOIPTIOXS : (1) Applicability' of heat and mass transfer analogy, (2) Paper motion lias 
negligible effect on convection (U « V e ). 

PROPERTIES: Table A-4, Air (300 K, 1 arm): v = 15.89 x 10 6 m~/s, Table A-6, Saturated water 
(300 K): pA,at = Vg 1 = 0.0256 kgrn; Table A-S : Water vapor-air (300 K): Dae = 0.26" x 10" 4 m 2 /s : 
Sc 0 61 

ANALYSIS: The mass evaporation flux is 

n" A = h m I p A _ s - PA,e] = ^rnPA.sat 
For an array of slot nozzles, 

— { ^ 2/3 

Sh _ 2 3/ 4 ' 2 Re 

Sc 0.42- 3 M> | A r /A ro I A ra /A r 

where 

A r =W/S = 0.1 

—1/2 

A ro = j60 + 4[(H/2W)-2] 2 | = {60 + 4(64)} -1 '' 2 = 0.0563 

Re= V k (2W) = 20m/,(0.02 P ,) =2sl73 
v 15.S9xlO~V 2 /s 

Hence 

,2/3 



Sh 



^ = 0.667(0.0563)^ 5 °- 46 V =59.6 
0-42 1 ' \ 1.776+- 0.563 } 



h m = PaB 59 . 6Sc 0-42 = 0-26x10^ m 2 /s j9 6{Q 61) 0.42 =ftjDQ m/s 
2W 0.02 m k 

The evaporative flux is then 

n A = 0.063 m / s ( 0.0256 kg / m 3 ) = 0.001 6 kg / s - in 2 . < 

COMMENTS: The mass fraction of water vapor to air leaving the sides of the dryer is 

n \ (Sx L) / PairVg ( W x L) = 7 x 10~^. Hence, the assumption of dry air throughout the dryer is 

reasonable. 
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PROBLEM 8.1 

KNOWN": Flowrate and temperature of water in fully developed flow through a tube of 
prescribed diameter. 

F IND : Maximum velocity and pressure gradient . 
SCHEMATIC: 



m^O.Olkgjs, 




ASSUMPTIONS: (1) Steady-state conditions, (2) Isothermal flow. 
PROPERTIES: Table A-6. Water (300K): p = 998 kg/in 3 , \i = 855 x 10' 6 H sfm. 
ANALYSIS: From Eq 8 6, 

4m 4x0.01 kg/s, 



Re D 



; 596. 



JtDfi (0.02 5m) 855 x 10 6 kg - m/s 
Hence the flow is laminar and the velocity profile is given by Eq. 8.15, 



u(r) 



l-(iAb) 



The maximum velocity' is therefore at r = 0, the centerlme, where 

u(0)=2u m . 
From Eq. 8.5 

m 4x0.01 kg/s 



p'R D z / 4 998 kgnr x k{ 0.025m)" 



= 0.020 m/s. 



hence 



u(0)= 0.041 in/V 

Combining Eqs. 8.16 and 8.19, the pressure gradient is 

i 

dp _ 64 pu^ 



dx Re 



D 



dp 

dx 596 



64 998 kg/in 3 (0.020 m/s) 2 
x — 



2x0.025 m 



-0.86 kg/in 2 -s 2 



^ = -0.86N/m 2 ■ m = -0.86 x 1 0" 5 bar/m. 
dx 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 8.2 

KNOWN: Temperature and mean velocity of water flow through a cast iron pipe of 
prescribed length and diameter. 

FIND: Pre ssure drop. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed flow., (3) Constant 
properties. 

PROPERTIES: Table A-6. Water (300K): p = 997 kgfm, Li = 855 x 10" 6 N-s/m 2 . 
ANALYSIS: From Eq. 8.22, the pressure drop is 



2D 



With 



t> u m D 99/ ksnr < 0.2 ms< 0.15 m .... . 
Re D - - — i"— = 3.50x10 

P 855x10^ N-s/m- 

the flow is turbulent and with e = 2.6 xlQ ^ in for cast iron (see Fig. 8.3). it follows that e.'D = 
1.73 x 10" 3 and 
f a 0.027. 

Hence, 

997k 2 /m 3 (0.2 mis) 1 . 

Ap = 0.027 : — { 600m) 

2x0.15 m K 

Ap = 2154 kg/s 2 ■ m = 2 1 54 N/m 2 

Ap = 0.0215 bar. < 

COMMENTS : For the prescribed geometry, L D = (600/0. 1 5) = 4000 » (xfdhD)turb * 1 0, 
and the assumption of fully developed flow throughout the pipe is justified. 
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PROBLEM 8,3 

KNOWN: Temperature and velocity of water flow in a pipe of prescribed dimensions. 

FIND: Pressure drop and pump power requirement for (a) a smooth pipe, [b) a cast iron pipe with a clean 
surface, and (c) smooth pipe for a range of mean velocities 0.05 to 1.5 m/s. 

SCHEMATIC: 



Cast iron pipe. 
D = 0.25 m 




ASSUMPTIONS: (1) Steady, folly developed flow. 



PROPERTIES: Table A6 , Water (300 K): p = 997 kgW, u = 855 x 10* N-s/m', v = jj/p = 8-576 x 
L0" 7 m 3 ,'s. 

ANALYSIS: From Eq. 8.22a and 8.22b, the pressure drop and pump power requirement are 

2 

Ap = f -^33, L P = ApV = Ap f ;rD 2 /4 ) u m (1 ,2) 

The friction factor, f. may be determined from Figure 8.3 for different relative roughness, e/D, surfaces or 
fromEq. S.21 for the smooth condition, 3000 < Ren <5 k 10 6 , 

f =(0.7901n(Re D )-1.64)~ 2 (3) 
where the Reynolds number is 

Re D =^£ = lm/ S xQ25m 915xlQ s (4) 

v 8.576x10 7 m 2 /s 

(a) Smooth surface: from Eqs. (3), (1) and (2), 

_2 

f = (o.7901n(2.915xl0 5 )-1.64] " =0.01451 

Ap = 0.0145 1 f 997 kg/m 3 x 1 m 2 / s> 2 jl x 0.25 m) 1000 m = 2.89 x 10 4 kg/s 2 - ni = 0 289bar < 
P = 2.89 x 10 4 N/m 2 {z x 0.25 2 m 2 /4jl m/s = 14 1 S N m/s = 1 .42 kW < 

(b) Cast iron clean surface: with e = 260 (.mi the relative roughness is e/D = 260 x 10" 5 m'0.25 m= 1.04 
x 10" 3 . From Figure 8.3 with Re^ = 2.92 x 10 5 s find f = 0.021. Hence, 

Ap = 0.402 bar P = 1 .97 kW < 

(c) Smooth surface: Using IHT with the expressions of part (a), the pressure drop and pump power 
requirement as a function of mean velocity, u^, for the range 0.05 < u„. < 1.5 m/s are computed and 
plotted below. 

Continued... 
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PROBLEM 8.3 (Conr.) 



I 

n 




D.D1 



OS 1 



■ 5 



Pressure drop, celtap Ibar] 

-•- P„mp power, P (kwT 

The pressure drop is a strong functiou of the mean velocity. So is the pump power since it is proportional 
to both Ap and the mean velocity. 

COMMENTS: (1) Note that LfD = 4000 » (x : - di t, ; D) =t 10 for turbulent flow and the assumption of fully 
developed conditions is justified. 

(2) Surface fouling results in increased surface roughness and increases operating costs through 
increasing pump power requirements. 

(3) The IHT Workspace, used to generate the graphical results follows. 



// Press jre drop: 

deltap = f * rtio * um*2 ' L I { 2 * D ) 
deltap_bar = deltap I 1.DDe5 
Power = deltap * ( pi * D>"2 14 ) * urn 
Power_kW = Power / 1000 

Reynolds number and friction factor: 
ReD = urn * D / nu 
f= (u.79D*lnOReO)- 1.64) "(-3) 



// Eq (1); Eq S.22a 

// fcYiBrsion. Fa to bar units 

// Eq (2); Eq 6.22b 

It seful ""or scaling graphical result 



// Eq (3} 

//Eq (4); EqB.21. 



smooth sjrface condilon 



// Properties Tool - Water: 

// Water proDerty functions T dependence, From Table A.S 
// bitB:T(K), pibars); 

3t= 0 // d^i icy (0=sat liquid or 1 =sat ipor) 

rho = rho_T (i' Water" ,Trn,)( // Density,' kg/m- - ^ 

nu = nu_T(f' Water". Trn.)i // Kinematic iscosity , ni*2/s 



//Assigned variables; 

Un' = 1 

Tm = 300 
□ = 0.25 
L= 100Q 



// Mean elo city , nVs 
// Mean temperature, K 
//Tube diameter, m 
// Tube length, m 
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PROBLEM 8.4 

KNOWN: Number, diameter and length of tubes and flow rate for an engine oil cooler. 

FEND: Pressure drop and pump power (a) for flow rate of 24 kg/s and (b) as. a function of flow rate for 
the range 10 < iii < 30 kg 1 '*. 

SCHEMATIC: 

D-10mm 

N = 25 tubes 




Try, = 300 K K- L = 2.5m 

ASSUMPTIONS: (1) Fully developed flow throughout the tubes. 

PROPERTIES: Table A J, Engine oil (300 K): p = 884 kg ; m\ p = 0.486 kg.'s-m. 

ANALYSIS: (a) Considering flow through a single tube, find 
4m 4(24kg/s) 



Re D =■ 

xD/j 25.7(0.010m)0.486kg/s m 
Hence, the flow is laminar and from Equation S. 15. 



: 251.5 



f = 



64 



With 



Re D 251.5 



- = 0.2545. 



(24 / 25)kg/s(4) 



p^D 2 /*) (884kg/in 3 ]jr(0.010in) 2 
Equation S.22a yields 

2 (s84kg/m 3 |(l3.8ni/ S ) 2 

Ap = f-: — =-L = 0.2545- ; 2 

2D 2(0.010m) 

The pump power requirement from Equation 8.22b, 

P = *p.V = Ap.* = 5.38xlG 6 N/m 2 ^ 



= 13 8 m/s 



5m = 5.38x10 



n/oi 2 



53.S bar 



(1) 



(2) 



(3) 



(4)< 



1.459 x 10 N-m/s = 14(5 kW. 



BS4kg/m" 

(b) Using IHT with the expressions of part (a) : . the pressure drop and pump power requirement as a 
function of flow rate, iii . for the range 10 1 iii < 30 kg/s are computed and plotted below . 



(5)< 




I 



Row rale I<£'5: 




Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 8.4 (t out.) 



In the plot above, note that the pressure drop is linear with the flow rate since, from Eq. (2). the friction 
factor is inversely dependent upon mean velocity. The pump power, however, is quadratic with the flow 
rate. 

CO^ DEE NTS: (1) If there is a hydrodynainic en try region, the average friction factor for the entire tube 
length would exceed the fully developed value, thereby increasing Ap and P. 

(T) The IHT Workspace used to generate the graphical results follows. 
/* Results: base case, part (a) 

P_k'JV ReD deltapjoar f mu rtio uni □ N 

T-:\-y. 

145.9 251.5 53.75 0.2545 0.486 BB4.1 13.83 0.01 25 

24 */ 

Reynolds number and friction factor 
ReD = 4 * mdotl / (pi * □ * mu} // Reynolds number. Eq (1 ) 
f = 64 / ReD II Friction factor, laminar flaw, Eq. fl.19, Eq. (2) 

/.'' Average velocity and flow rate 
mdotl = rtio * Ac " urn // Flow rate. kqls\ single tube 
mdot = mdotl * N II Total flow rate, kgls; ti tubes 

Ac = pi * W2 S 4 fJ Tube cross-sectional area, m"2 

/.' Pressure drop and power 

deltap = f Y rtio * jm"2 ' L / (2 * □} // Pressure drop, lilm'Z 

dettap_bar = deltap * 1e-5 // Pressure drop, bar 

P = deltap * mdot / rtio // Power, W 

P_kW = P M 00D // Power, kW 

// Input variables 

□ =0.01 ft Diameter, m 

rrdot = 24 IS Total flow rate, kg/s 

L = 2.5 II Tube length, m 

N=25 II Number of tubes 

Tm = 30D ll Mean ten'aerature of oil, K 

// Engine Oil property functions : From Table A, 5 
rho = rho_T(" Engine QH",Tm) // Density. kgim f -3 

t.i = n\i_ - i." Engine Oil" ~t) //Viscosity, H-stm"2 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM S.5 

KNOWN: The x-momentum equation for fully developed laminar flow in a parallel-plate channel 

dP d\ 
= constant = ii — =- 

dx. dy 1 

FIND : Following the same approach as for the circular tube in Section 8.1 : (a) Show that the velocity 
profile, u(y), is parabolic of the form 



"0 J ) =-«« 



1- 



(a/2)' 

where u m is the mean velocity 7 expressed a* 



ii, . 



V2m\ 



dP_ 

' dx, 



and -dp/dx = ApfL where dp is the pressure drop across the channel of length L; (b) Write the 
expression defining die friction factor,/ using the hydraulic diameter as the characteristic length Dy, 
What is die hydraulic diameter for the parallel-plate channel? (c) The friction factor is estimated from 
the expression / = CjRe s where C depends upon the flow cross-section as shown in Table 8. 1 : 

What is the coefficient C for the parallel-plate channel {b/a — > x ) 7 (d) Calculate the mean air 

velocity and the Reynolds number for air at atmospheric pressure and 300 K in a parallel-plate channel 

2 

with separation of 5 mm and length of 100 nun subjected to a pressure drop of AP= 3.75 N/nT; Is the 
assumption of fully developed flow reasonable for this application? If not, what effect does this have 
on the estimate for itjff 



SCHEMATIC: 



-3/2 



Parallel plate channel 

a = 5mm 

ip = 3.75 IWm 2 

L = 200 mm 
T = 300 K 



ASS1MPTIQXS: (1) Fully developed laminar flow, (2) Parallel- plate channel, a « b. 

PROPERTIES: Table A-4, Air (300 K, 1 atm): \a = 184.6 x 10" ' N-s/m 2 , v = 15.89 x 10" 6 m 2 /s. 
ANALYSIS: (a) The x-momentum equation for fully developed laminar flow is 



d-u 

Id/ 



dp 
dx 



- constant 



Since the longimdinal pressure gradient is constant, separate variables and inte grate twice, 

1 '-T ,.- 



d . 




= -(—) 


du 


dy! 


dyj 


fA,dx.) 


dy 



Continiied 
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PROBLEM 8.5 (Cant.) 

The integration constants are determined from the boundary conditions, 



dy 



= 0 



u(a 2)=0 



y=0 



to find 



giving 



C 1 = 0 



1 ' 2/1 \dx 



C 2 =" 



111 ■ :lx ■ 



(2) 



The mean velocity' is 

a/2 



u m =- » y)dy = — ^rH-£ >-- — ~ 

a'c s. 2fi \&x)[ (a/2) 2 J. 



^2 



'Hi ■ 



12ft 



IS) 



(?) 



Substituting Eq. (3) for dp/dx into Eq. (2) find the velocity 7 distribution in terms of the mean velocity 



1 — 



(a/ 2) 

(b) The friction factor follows from its definition, Eq. 8.16. 
-(dp/dx)D h 



f =- 



where the hydraulic diameter for die channel using Eq. 8.66 is 
P 2(a+b) 

since a«b. 

(c) Substituting for the pressure gradient., Eq. [3), and rearranging, find using Eq. (6). 

f _ u m Dh _ 96 96 
a 2 /1 2// pu m /2 u m D h^' Re D h 

where the Reynolds number is 
Re Dh = u m D h /l/ 



(5) 



< (6) 



< (7) 



(8) 



Continued . 
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PROBLEM 8.5 (Ccmt.) 

This result is in agreement with Table 8.1 for the cross-section with b/a — » x where 

C = 96. < 

(d) For the conditions shown in the schematic, with air properties evaluated at 300 K. us ins Eqs. (3) 
and (8), find 

(0.005m)" ! 3.75X/nr 

Um ~ 12x184.6x10"' N-s/m 3 { 0.200m 



= 2.12m/s 



2. 12m/ sx2:<0.00 Sin 

Re D = ; — ; =1332 

15.89x10 fr m.'s 

The flow is laminar since Retj < 2300. and from Eq. 8.3. the laminar entry length is 



= 0.05R£ Dh 



Xfat = 2x0. 005mx 0.05x1332 = 0.67m 

We conclude that the flow is not fully developed, and the friction factor in the entry region will be 
higher than for hilly developed conditions. Hence, for the same pressure drop, the mean velocity will 
be less than our estimate. 
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PROBLEM 8.6 



KNOWN: Water, engine oil andNaK flowing in a 20 mm diameter Tube, temperature of the 
fluids. 

PIND: (a) The mean velocity as well as hydrodynamic and tliennal entrance lengths, for a flow 
rate of 0.01 kg/s and mean lemperature of 366 K. (b) The mass flow rate as well as hydrodynaiiiic 
and thermal entrance lengths, for water and oil at a mean velocity of 0.02 nr's at mean 
temperatures of 300 and 400 K. 



SCHEMATIC: 




ASSUMPTIONS: (1) Constant properties 
PROPERTIES: 



Liquid 


T(K) 


Table 








Pr 


Water 


300 


A.6 


C07 


855 x 10~ s 




5.83 




366 


A.6 


963 


303 x 10"* 




1.89 




400 


A.6 


937 


217 x 10" £ 




1.34 


Oil 


300 


A.5 


884 


4E.6 x 10" 1 




6400 




366 


A.5 


S44 


2.12 x 10" : 




33S 




400 


A.5 


825 


0.874 x 10" : 




152 


NaK 


366 


A.7 


349 




5.797 x lO" 7 


0.019 



ANALYSIS: (a) The mean velocity is given by 

u m = in/pA c = 0.01 kg/s.^fm(0.020m) : /4] = 31 .8 kg/s - m 2 / p (1) 

The Reynolds number is 

4m _ 4 ' 0.01 kg/s _ 0.636 kgis m 

Ke^ (2) 

jtTJji n<0.020 m)u u 

The hydrodynaiiiic entrance lensth is 
3 = 

636 * IP' 6 kg-Vm 

Continued.. 



x liiL = O.OSRejjD = 0.05 x °- 636k 5' 5 m x ( 0 _ 020 m ) 
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PROBLEM 8.6 (Cant.) 



The thermal entrance length is 
)Pi 

636 * L0" s kg's-m 



x fit =0-05Re D DPr = x tUll Pr 



Pr 



Solving Equations (1). (3) and [4) yields 



Liquid 


rim (m/s) 


Xfa.h (m) 


Xaj (m) 


water 


0.033 


2,1 


3.97 


engine oil 


0.038 


0.030 


10.1 


NaK 


0.037 


1.3 


0.025 



(4) 
< 



where, for the NaK 7 u is found from the definition 

u = vp = S.7&7 x 10" 7 m 2 /s * 84& kg/ m 3 = 492 x lO^N -s.-'ui 2 

(b) The miss flow rate is given by 

0.02 m/s x it x (0.020 m) 2 ^ „„ m 3 

m= pA c u m = — p = 6.28 * 10 6 p 

4 s 

The Reynolds number is 

4m _ 4 x 6.28 x 10" 6 m 3 /s x p 



Re D = 



rrDu. 



n(D.020m)u 



= 400 * 10" 6 m 2 /s * (p/u) 



(5) 



The hydrodynamic entrance length is 

x flLll = Q.05Re D D = 0.0S x 400 x L0" e m 2 /s x 0.02 m (p/u) 

x fdJl =400 x 10~ 9 m 3 /s(p/u) 



The thermal entrance length is 

Solving Equations (5), (7) and (8) yields 



(3) 
< 



Liquid 


T(k: 


lii (kgfe) 


Xfii (m) 


Xfit (m) 


Water 


300 


0.0063 


0.464 


2.72 


Water 


4 SO 


0.0059 


1.72 


2.30 


Engme Oil 


300 


0.0056 


7.27 x 10" 4 


4.65 


Engine Oil 


400 


0.0052 


37.7 x 10" 1 


5.74 



CO]\D£EXTS: (1) As the momentum and themial diffusivities approach similar values (Pr — * 1) 
Xfj.t/sfd,! — > 1 . (2) Note the variation of Xfjj/xat with Pr for large and small values of the Prandtl 
number, (c) The Reynolds number associated with the oil is very small. Buoyancy forces are 
likely to be significant and may induce secondary 1 fluid motion which, m rum. may increase the 
convection heat transfer coefficients. We will treat buoyancy effects in Chapter 9. 
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PROBLEM 8.7 

KNOWN: Velocity and temperature profiles for laminar flow in a tube of radius r 0 = 10 mm. 

FIND: Mean [or bulk) temperature. T m; at this axial position. 

SCHEMATIC: 



u(r), T{r) 

i 






' i 






i 1 





ASSUMPTIONS: (1) Laminar incompressible flow, (2) Constant properties. 

ANALYSIS: The prescribed velocity and temperature profiles, (nv's and K. respectively) are 

u(r) = 0.1 [l-(r/r B ) 2 ] T(r) = 344.8 + 75.0 (rfitf - 18.8 (r,'r a ) 4 (1,2) 

For incompressible flow with constant c v in a circular tube, from Eq. S.26, the mean temperature and u^, 
the mean velocity, from Eq. 8.8 are. respectively 



T m =- 



yJo%(0-T(r)-r-dr 



u m = ^jo° u ( r )' r " dl 



(3-4) 



Substituting the velocity profile. Eq. (1) : into Eq. (4) and integrating, find 

u m ^r o 2 J < j0.l[l-(r/r o ) 2 ](r/r o )d(r/r o ) - 2 j O.l[i(r/r 0 ) 2 -I(r/r 0 ) 4 



= 0.05 m/s 



Substituting the profiles and Uj. into Eq. (3), find 
2 



(0.05 m/s) i 



^{o-ljl-Cr/O 2 j}{344.8+75.0(r/r o r-18.8(r/r o ) 4 }-(i/ Ii> )-d(r/^) 



T m = 4 Jo {[ 344S ( r A 0 ) + ( r / f o f " 18 8 ( r Ao f } ~ [ 344 - S ) 3 + 750(r/n, ) 5 - 18.8 ( r/r 0 ) 7 ] j d( r / % ) 
T m = 4{[l 72.40 + 18.75 -3. 13]-[86.20+12.50-2.35]} = 367K < 

The velocity and temperature profiles appear as shown below. Do the values of u Q and found above 
compare with their respective profiles as you thought? Is the fluid being heated or cooled 0 



| 



o. ' 
□.□a 

0.08 
OD4 
0.02 
D 



i' ' 



42C 
4DD 



D D.2 0.4 DL8 0.B 1 
Radial coord -la-.e. r'rn 



O D.2 0.4 DL8 0.B 
Radial coordinate, r/ro 
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PROBLEM 8.8 

KNOWN: Velocity and temperature profile* for laminar flow in a parallel plate channel. 

FIND: Mean velocity, u^, and mean (or bulk) temperature, at this axial position. Plot the velocity 
and temperature distributions. Comment on whether values of Un and T n appear reasonable. 



SCHEMATIC: 



y 0 



t'tWyJ. T(y/y 0 ) 



± 



ASSUMPTIONS: (1) Laminar incompressible flow, (2) Constant properties. 

ANALYSIS : The prescribed velocity and temperature profiles (m/s and D C_ respectively) are 



u(y) = 0.75 



'-!y/vo:- 



T( y) = 5.0 + 95.66(y/y 0 )- -47.83 (y/y 0 f(L2) 



The mean velocity 7 , Um, follows from its definition, Eq. S.7, 

m = pA c u m = P\. u(y)-dA c 
■ A c 

where the flow cross-sectional area is dA< = 1 dy, and At = 2y 0 , 

u m = -r- L u ( y ) ■ d > r = f-v u ( y ^ y 

A„ ' A r 2v„ ' 



(3) 



^■Yolt 0 - 75 
2>'o - _1 



i-(y/y 0 ) 2 |dfy/y 0 ) 



u m =l/2{0.75[(y/y o )-l/3(y/y o ) 3 



+ 1 



u m = 1/2 x 0.75 {[1-1/3]- [-1 + 1/3]} = 1/2 x 0.75 x 4/3 = 2/3x0/75 = 0.50in/s 

The mean temperature. T^, follows from its definition, Eq. 8.25, 

E t = ihc v T m where til = pA c u m 

pA c a m c p T m =pc p \ u(y) T(y)dA c 

Hence, iubstitutmg velocity 7 and temperature profiles. 
1 



r y °u(y) T(y)dy 
Yo 

Tm " (0 3-/.)2y yoC{ a75 [ l -W y ° ) 2 ]1{ 50+ M - 66 (V>' 0 f -47-S3(y/y 0 ) 4 }d(y/y 0 ) 
I„ = \\s (y/y 0 ) + 51 89 Cy/y„ ) 3 - 537(y/ To ) 5 ] - [l.ff7(y/ yo ) 3 + 19.13 (y/ Jo ) 5 - 6.E3{y/y D ) 7 if 



(4) 



0.75 



0.5 k '2 



-{[27.32 -13.97] -[-27.32 -( -13.97)]} =2G.0' : C 



< 

Continued.. 
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PROBLEM 8.8 (taut.) 

The velocity and temperature profiles along with the Uq and l a values are plotted below. 



0.4 ■ 



-D.a -D.2 C:2 



0.6 1 



Velodty profile, u(y> 

Mean VElocity. urn = 0. 5 nVs 



SI 



5C 




-1 -a.6 -C.2 C.2 0.6 1 
DirrensiorilesB coordina:e, y/ya 

TempEratLini profila. Tfyj 

— e — year tempe r a:ure. Tm = 20 C 



For the velocity profile, the mean velocity is 2/3 that of the ceuterline velocity, 11™= 2u{0)/3. Note that 
the areas above and below the Uu line appear to be equal. Considering the temperature profile, we' d 
expect the mean temperature to be closer to the ceuterline temperature since the velocity profile weights 
the integral toward the centerline. 

COMMENTS: The integrations required to obtain Ux and T a , Eqs. (3) and (4). could also be performed 
using the intrinsic function INTEGRAL (y,x) in the IHT Workspace. 
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PROBLEM 8.9 

KNOWN: Flow rale and properties of oil fkwing in pipe. Dimension* of pipe. 
FEVD: Pressure drop, flow work temperature rise caused by flow work. 
SCHEMATIC: 

* L=100km * 



Oil 

rii = 500 kq/s r*\ 



^ + f 

p = 900 kg/m 3 t 
c p = 20Q0J/lcg-K D = 1.2 m 

u= 0.765 N-s/m 2 

ASSUMPTIONS: (1) Steady-state, (2) Incompressible flow, (3) Negligible kinetic and potential 
energ> 7 changes, (4) No work other than flow work. 

ANALYSIS: We begin by determining whether the flow is laminar or turbulent. From Equation S.£> 

-m 4 * 500 kg/s 

Re d = = T = 693 

JtDfi [x i.2m x 0.765 N-s/'nT 

and the flow is Laminar. The friction factor ii given by Equation S. 1 9. 

f = 64/Rer, 
and the pressure drop by Equation 8.22a, 

Ap = f ^Hje, - *,) = 

2D w v DRe D 

where Ux can be found from m = pu m A c : 

mm 4 x 500 ks/s 

u ffi = = =— = ; T = 0.491 m-s 

pA c p-rD 3 /4 900 kg/m 3 x ;r x (1.2 m)- 

Thus 

32 x 900 kg/m 3 * (0.491 m/s) 2 x 100.000 m „ , ,„ 5 „ 

p m - p„„ = Ap = = - = 8.4 x 10 Pa 

^ m y ™ y 1.2 mx 693 

Ap = 0.84MPa < 

Hie flow work is then found from its definition (see discussion leading to Equation 1.1 Id), 

w fl™- = — <Pin " P«t) = 500 kg'' 5 * 0 84 MPa/9QO kg/m 3 
P 

= 0 46 MW < 
Finally, with reference to Equation 1.1 Id. the portion of the temperaftue rise due to flow work is given 
by 

™ c ? iT >-™ = J (Pin -P^) = ^f.o W 

AT^. = W tlDW /iiic p = 0.4(5 MW/(500 kg/s x 2000 J.kg ■ K) 

= 0.46°C < 

CO\niLNTS: Deipite the long length of pipeline and high viscosity of the oil. which results in a 
large pressure drop, the temperature rise due to the flow work is quite small. 
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PROBLEM 8.10 

KNOWN: Thermal energy' equation describing lammar. fully developed flow in a circular pipe with 
viscous dissipation. 

FEND : (a) Left hand side of equation integrated over the pipe volume, (b) viscous dissipation term 
integrated over the same volume, (c) temperature rise caused by viscous dissipation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady- state, (2) Laminar, (3) Fully-developed. 

ANALYSIS: (a) The thermal energy equation is given as 

cT k 3 ST du 2 
P c p u — = -— (r— ) - u(— ) 
cx r or oi dr 



where u is given by Equation S. 1 5. 
u = 2u m [l-(r/r 0 ) i ] 



Integrating the advection term on the left-hand side over a section of the pipe of length L, we have 

r r 6T 
Adv. = 1 p c u — dA c dx 

i ji dx 

OA,. 



=1 



dx 



fpc p uT dA E 

Ac 



dx 



From Equation 8.25, the term in square brackets is mc p T m , thus 

Adv. = Jmc p ^k dx = m c p (T mo - T^) 
which coincides with the right-hand side of Equation 8.34. 
(b) Integrating the viscous dissipation term, we have 



Vise. Diss. = f ( u (—f dA c dx 
^ dr 

OA; 



^uLflou^rdr 

0 f o 



i r^ 
32w[rLui— j- 

4l c 



8iruLu^ 



Continued. 
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PROBLEM S.10 (font.) 



(c) Using the values from Problem 8.9, 



where 1% = 111/ pA c . Thus 
S 7T n L m 



AT vd 

P c P A: 

= Sir x Q.765 X-s/m 2 * 100,000 m * 500 kg/% 
[(900 kgin J ) 2 x 2000 J/kg ■ K x (rc * (1.2 m) 2 /4) a ] 

= 0.46 3 C 

COMMENTS: (1) Even in the case of a long pipe with a highly viscous fluid, the temperature rise 
due to viscous dissipation is quite small. (2) The temperature rise due to viscous dissipation is 
identical to the temperature rise due to flow work in Problem S.9. This is no coincidence. In fully- 
developed pipe flow, there is a balance between the viscous forces (friction) and the pressure drop 
needed to overcome them. As a result, viscous dissipation exactly equals the work done by the 
pressure forces (flow work). Conservation of energy can be expressed in a form that includes flow 
work (for example, Equation 1. lid) or in a form that includes viscous dissipation (for example, 
Equation 6.29). and in the case of fully- developed pipe flow they are equal. 
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PROBLEMS, 11 

KNOWN: lntern.il flow with prescribed wall he.it flux as a function of distance. 

FIND: (a) Beginning with a properly defined differential control volume, the temperature distribution. 
T, ixl (b) Outlet temperature. T ms , (c) Sketch T m (x), and T\(x) for fully developed anc r developing flow 
conditions, and (d) Value of uniform wall flux q" [instead of q[ = ax) providing same outlet temperature 
as found in part (a); sketch T m (ii) and T ; (x) for tins heating condition. 

SCHEMATIC: 





\ q l W/m 




' a 20 W/m 2 


s 11 





J T 

'/ 1 m,Q 



m = 450 kg/h j 




X - i 1 

L Tube, 0 L = 30 m 



— 'K 

ASSUMPTIONS: (1) Steady-state conditions. (2) Constant properties, (3) Incompressible liquid with 
negligible viscous dissipation. 

PROPERTIES: Table A.6, Water {300 K): c p = 4.179 kJ/kg-K. 
ANALYSIS: (a) Applying energy conservation to the control volume above. 

dt lconv = "i^pdTm C 1 ) 
where T a (x) is the mean temperature at any cross-section and dq, :33V = q' -dx - Hence. 

dx 



ax = mc p -^3- . (2) 



Separating and integrating with proper limits gives 

a ! x t =0 xdx = mc plxT! X ' dTm Tm ^ = TnM (3 ' 45< 

P 



*m.i 



(b) To find the outlet temperature, let x = L. then 



T m ( L ) = T m,o = T m,i + aL 2 /2mCp - (5) 



2\ 



Solving for Tm i0 , we find 

2Gw/m 2 (30m 

T mo =27°C + — : ; ^- f - = 27°C + 17.2 D C = 44.2°C. < 

2(450kg/h/( 3600 s/h )) x 4 1 79 J/kg ■ K 

(c) For linear wail heating, q[ = ax, the fluid temperature distribution along the length of the tube is 
quadratic as prescribed by Eq. (4). From the convection rate equation. 

q ;=h( X ).^D(T s (x)-T m |x)) (6) 

For fully developed flow conditions. h(x) = h is a constant: hence, T(x) - T a (x) increases linearly with x. 
For developing conditions, h(x) will decrease with increasing distance along the tube eventually 
achieving the fully developed value. 

Continued... 
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PR0BLEM8.il (Cant.) 



T m (x), T s (x) 




[Jftufllnping 
i r m (x) 



L 

(d) For unifomi tvali heat flax healing, the overall energy balance on the tube yields 
q = f&xDL = mcp (T^q - ) 

Requiring tliat T Ii0 = 44.2°C from part (a), find 

{450/3600)kg/ S x4179f/kg-K( 44.2-27)K _ ^ g , p 



is 



ffD x 30m 



where D is the diameter (m) of the tube which, when specified, would permit determining the required 
heat flux, q£ . For uniform heating. Section 3.3.2, we know that T x (x) will be linear with distance. T\(x) 

will also be linear for fully developed conditions and appear as shown below when the flow r is 
developing. 

TJx) 

T (x) + Eu '^ deve| °P ed - 
developing ^ 




0 L * 

COMMENTS: (l)Note that c F should be evaluated at T x = (27 - 44)°C/2 = 30? K. 

(2) Why did we show T s (0) = T m (0) for both types of history when the flow was developing? 

(3) Why must T m (s) be linear with distance in the case of uniform wall flux heating? 
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PROBLEM 8.12 

KNOWN: Internal flow with constant surface heat flux, q_j. 

FIND: (a) Qualitative temperature distributions, T(x), under developing and folly-developed 
flow, (bj Exit mean temperature for both situations. 

SCHEMATIC: 



Flo 



Attttttt 



ASSUMPTIONS: (a) Steady- state conditions, (b) Constant properties, (c) Incompressible 
flow with negligible viscous dissipation. 

ANALYSIS: Based upon the analysis leading to Eq. 8.39, note for the case of constant 
surface heat flux conditions. 



dx 



= constant. 



Hence, regardless of whether the hydro dynamic or thermal boundary- layer is fully developed., 
it follows that 



T m (x) 



V.2 



is linear and 
will be the same for all flow conditions. 



The surface heat flux can also be written, using Eq. 8.28, as 
q^=h[T,(x)-T m (x)]. 

Under fully-developed flow and thermal conditions, h = hfd is a constant. When flow is 
developing h > hgj. Hence, the temperature distributions appear as below. 



Fully developed \ h consfsn/; 7^ (x) 




De ve loping f/ow si f us+ i on, 
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PROBLEMS. 13 



KNOWN: Geometry 7 and coolant flow condition? associated with a nuclear fuel rod. Axial 
variation of heat generation withm the rod. 

FIND : (a) Axial variation of local heat flux and total heat transfer rate, (b) Axial variation of 
mean coolant temperature, (c) Axial variation of rod surface temperature and location of 
maximum temperature. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady- 5tate conditions, (2) Constant fluid properties. (3) Uniform 
surface convection coefficient. (4) Negligible axial conduction in rod and fluid. (5) 
Incompressible liquid with negligible viscous dissipation, (6) Outer surface is adiabatic. 

ANALYSIS: (a) Performing an energy balance for a control volume about the rod r 



E m E, 



out ~^ Eg — ^ 



-dq + E g =0 



-q*(x D dx ) + q Q sin (jt x/L) |jt D 2 / 4 J dx=0 q' = q Q (D/4) sm (,t x/L) . 



The total heat transfer rate is then 



X „ / 2 \ L _ 

q=J^ q S"Ddx = ^D / 4 J q 0 J ^ sinLff x/L) dx 



iD 2 . { L n x\ 
1 = — — --cos — 
4 \ jT L ' 



(1 + 1) 



D~L . 



-q 0 



(l) < 



(b) Performing an energy balance for a control volume about the coolant, 
mc p T m +d( l = mc p ( T m +dT m)=°- 

Hence 

m Cp d T m = dq = I ,T D dx) q" 



*T m _ n 
dx m c 



zD_ q^D ?m j £xj_ 
mc D 4 I. L j 



Continued 
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PROBLEM 8.13 (Cont.) 



D 2 



r x ■ 7171 a 

4 lii Cp 0 L 



Tni ( x ) — + 



L D q 0 



r, * : 

1 — cos — 



(2) < 



(c) From Newton's law of cooling. 
q-" = h(T s -T m ). 

Hence 



4 4h L 1111 4 iiic r 



1 - cos 



7T X 



To determine the Location of the maximum surface temperature, evaluate 



d T s q 0 DvT vT x i LD" q 0 X 



K x 



dx 



cos 1 — - — — — sm 

4hL L 4 m C{, L L 



1 71 x D 7l x 

— cos +— sm = U. 

hL L liiCp L 



Hence 



tan 



ni ( 



DliL 



L _i 

x =— tan 



DLL 



: x max- 



COMMENTS : Note from Eq (2) that 



"^"m,o — I'm (L) — + 



2 in c„ 



which is equivalent to the result obtained by combining Eq. (1) and Eq. 8.34. 
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PROBLEM 8.14 

KNOY\~N: Axial variation of surface heat flux for flow through a tube. 
FIND: Axial variation of fluid and surface temperatures. 
SCHEMATIC: 



7m, i 



T 



. TfX 



L 



ASSUMPTIONS: (1) Convection coefficient is independent of x, (2) Applicability of Eq. 

S.34. 

ANALYSIS: Since Equation S.37 is applicable. 
dT m q^P D)q* >ra sui(,T x/L) 



dx m c r 



-p ™cp 
Separating variables and integrating from x = 0 



dT„ 



! sin dx 

0 L 



1 m,i 



Tm( x )"Tm,i _ 
T m( x )=Vi + 



LDqs 



s,m ft x 
cos 



rh c n 



(1 — cos Tfx/L). 



From Newton's law of cooling. Eq. 8.27. 
T s (x) = (q;/h) + T m (x) 

1 & I x ) = sin h H : (1 — cos /T x/L). - 

h L ' lii Cp 

COMMENTS: For the prescribed surface condition, the flow is not fully developed. Hence, 
the assumption of constant h should be viewed as a First approximation. 
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PROBLEM S.15 

KNOWN: Surface heat flux for air flow through a rectangular channel. 

FIND : (a) Differential equation describing variation in air mean temperature, (b) Air outlet 
temperature for prescribed conditions. 



SCHEMATIC: 



Cuvsr pfaii 



piafe 




ASSl MPTIONS: (1) Ideal gas with negligible viscous dissipation and pressure variation, 
(2) No heat loss through bottom of channel, (3) Uniform heat flux at top of channel. 

PROPERTIES: Table A-4, Air (T « 50°C, 1 atm): c p = 100S J/kg-K. 

ANALYSIS: (a) For the differential control volume about the air, 

kin = -E-ouT 

m Cp T m + q^. (w ■ dx) = m c p ( T m 4- d T m ) 
dx m Cp 

Separating and integrating between the limits of x = 0 and x. find 

lo(w-x) 



Tm( x ) — ^m,i ' 



m c, 



P 

■£{w-L) 



m c. 



(b) Substituting numerical values, the air outlet temperature is 

7\ .. 2 



T in>o = 4fl 0 C + 



(700W/m 2 J (lx3)m J 
0.1 kg/s (1008 J.'kg-K) 



V o = 60.rc. 



COMMENTS : Due to increasing heat loss with increasing T m . the net flux q^ will actually 
decrease slightly with increasing x. 
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PROBLEM 8.16 



KNOWN: Air inlet conditions and heat transfer coefficient for a circular tube of prescribed geometry. 
Surface heat flux. 

FIND: (a) Tube hear transfer rare, q, air outlet temperature. T^, and surface inlet and outlet 
temperatures, T Si: and T,, 0 , for a tuiiform surface heat Qus. q[ r . Air mean and surface temperature 
distributions, (b) Values of q, T m 0T T i ; and T iiC for a linearly varying surface heat flux = 500x (m). Air 
mean and surface temperature distributions, (c) For each type of heating process (a & b), compute and 
plot the mean fluid and surface temperatures. T a (x) and T\(x), respectively, as a function of distance; 
What is effect of four-fold increase in convection coefficient, and (d) For each type of heating process, 
heat fluxes required 1o achieve an outlet temperature of = 125°C: Plot temperatures. 

SCHEMATIC: 




CI) 



m = 0.005 kg/s \ . \ V- h = 25 W/m 2 -K, D = 0.05m 

T mJ ■ 20 °C ^ xAj^j q' s = 1 000 W/m 2 , or q"= 500 x (W/m 2 ) 

p = 1 atm 

ASSUMPTIONS: (1) Fully developed conditions m the tube, (2) Applicability of Eq. 8 34, (3) Heat 
transfer coefficient is the same for both heating conditions. 

PROPERTIES: Table A.4, Air (for an assumed value ofT*,, = 100°C. T m = (T Q; + T Xi0 )/2 = 60 °C = 
333 K): c P = 1.008 kJ/kg-K. 

ANALYSIS: (a) With constant heat flux, from Eq. 8.38, 

q = q;KDLj=1000\v/nr {x ■ 0.05m ■ 3m) = 471W 
From the overall energy 1 balance, Eq. 8.34, 

T m o=T mi -^- = 20 D C + = 113.5 = C (2)< 

■ mc p 0.005 kg/s xl 008 J/kg-K 

From the convection rate equation, it follows that 

qL = 20 . c+ 100Qw/^ =6Q=c (3) < 
h 25 W/ in K 

T s,o = V o + qJ/h = 113.5 o C + 40 o C = 153.5°C < 

From Eq. 8.39, (dT m /dx) is a constant, as is (dTV'dx) for constant h from Eq. 8.30. In the more realistic 
case for winch h decreases with x in the entry region, (dT^/dx) is still constant but (dT=.'dx) decreases with 
increasing x. See the plot below. 

(b) FromEq. 8.37. 



Ts,i — Tm,i 



_ 500x (>D } _ 500x w/ in 2 [ n x 0.05 m) _ ^ ( 



j^n = ^.^ v .^., = -^„„ / ^ -"-"-"v =15 _ 6K w m [4) 
dx mcp 0.005kg/sx 1008 J/kg-K ' 

Continued... 
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PROBLEM 8.16 (Cout.) 

Integrating from x = 0 to L it follows that 

2 



Vo =1^+15 .6j Q 3 xdx = 20 s C -1 5 6 - x 



= 20 D C + 70.2°C = 90.2 C C. 



(5)< 



0 



The heat rate is 



:353W 



q = fq^dAj = 500U* 0.05m) f^xdx = 78.5^ 
From Eq. 8.27 it then follows that 

T s = T m + 1s/ h = T m,i + 1 5 .6^- ^ ^ s = 20°C + 7.£x 2 + 20x 
Hence, at the inlet (x = 0) and outlet (x = L), 

and T s _ o = 150.2°C 

Note that (dT s /dx) and (dT^'dx) both increase linearly with x, but (diy'dx) > (dT^/dx). 
(c) The foregoing relations can be used to determine T m (x) and T ; (x) for the two heating condition*: 
Umfonn surface fux, qj'; Eqs. (1-3), 



(fi) 



T ■ - T ■ - 70 C 
*s,i — ^m.i — 



T m (*) = T ml +q^TDx/mc p T s (x) = T m 

Linear surface heat flux ", q£ = z^x, = 500 W/m 3 ; Eqs. (4-6), 

Ts(x)=T m (x) + a 0 x/h 



(7,S) 



T m ( x ) = T m,i + ( a 0 ?rDy 2mc p ) ? 



(9, 10) 

Using Eqs. (7-10) in IHT, the mean fluid and surface temperatures as a function of distance are evaluated 
and plotted below. The calculations were repeated with the coefficient increased four-fold, h = 4 x 25 = 
LOO \V. ; m ; K. As expected, the fluid temperature remained unchanged, but the surface temperatures 
decreased since the thermal resistance between the surface and fluid decreased. 




from nlet * fmj 



Tm(i}; q"5= 1DDO W/n-*2 
T5[i}; h = 25 »m'2.K 
T = 1CD vV:-'2 l< 




0 12 3 

DiuiMfrom -ilet * mi] 



Tm(i}; q"5 = 5DC-I Wm»2 
Ts(j}; h = 25 WJm*2.K 



(d) The foregoing set of equations, Eqs. (7-10), in the IHT model can be used to determine the required 
heat fluxes for the two heating conditions to achieve T^ a = 125°C. Hie results with h = 25 W.'ni-K axe: 



Uf} iformflia: qlj = 1 1 2 3 W/hv 



Linear flux: q!! = 748.7xW/m : 



Continued... 
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PROBLEMS. 16 (Cout.) 

The temperature distributions resulting from these heat fluxes are plotted below. The heat rate for both 
heating processes is 529 W. 




0 ' \ \ £ +m 0 12 3 *w 

COMMENTS: Note that the assumed value for T^., (100°C) in determining the specific heat of the air 
was reasonable. 
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PROBLEM 8.17 

KNOWN: Water at prescribed temperature and flow rare enters a 0.25 ni diameter, black tbin-walled tube of 8- 

tu length, which passes through a large furnace whose walls and air are at a temperature of Tfnj= Ti = 7 00 K. 

2 2 

The convection coefficients for the internal water flow and external furnace air are 300 W-"m K and 50 \V/m -K. 
respectively. 

FIND: (a) An expression for the linearized radiation coefficient for the radiation exchange process between the 
outer surface of the pipe ar.d the fu:r.ace walls; represent the tube by an average temperature and explain how to 

calculate this, value, and (b) determine the outlet temperature of the water, T 0 . 
SCHEMATIC: 

T m =7O0K fi£ 



\ f M / qrad T h)r = 700 K 

-EEE3 EE3- 




m = 5 kg/s 

1 ^ D = 0.25 m, L = am. E 

T m ,i = 3O0K hpaoew/^-K T mi0 T, (T.., - _ . I , .. J :. , 2 

ASSUMPTIONS: {1} Steady-state conditions; (2) Tube is small object with large, isothermal surroundings. (3) 
Furnace air and walls are at the same temperature; (4} Tube is thin-walled with black surface: and (5) 
Incompressible liquid with negligible viscous dissipation. 

PROPERTIES: Table A-6. Water (T^ = (T mj - T m . 0 yi = 331 K): c p = 4192 J/kg-K. 
ANALYSIS: (a) The linearized radiation cc efficient fellows from Eq. 1.9 with a = 1. 

5nd=ff(T t +T fijr )(T?+Ti) 

where T t represents the average tub e wall surface temperature, which c an be evaluated from an energy balance 
on the tube as represented by the thermal circuit above. 

I'm " ( Tm.,i + y$ 

Rtrht = R rv i + 

I'm ~ "*t _ r ~ TgLif 
R cv,i "^cpjO "H'Rjad 

The thermal resistance s, with A t = PL = irDL. are 

R cv,i = 1 /h i A > R cv.o = 1 ' h o A % R rad = 1 Wad 

(b) The outlet temperature can be calculated u^ijia the energy balance- relation. E.-4-5b. with Tnu — T^o., 

i ) 



T -T 

J-cc 1 m.o 

T -T 



= <?xp 



mc„ R 



where Cp is evaluated at T m . Using IHT, the following results were obtained. 

R cv{ = 6.63 1 x I0~ y K / W = 3.978x10""* K t W R rad = 4.724 xlO -4 K/W 

T m =331 K T T = 418 K T m o =362 K < 

COMMENTS : Since T K = T nlJ . it was possible to use Eq. 5.45b with R-tot- How would yon write the energy 
balance relation if Tec * Tfur"? 
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PROBLEM 8.18 

KNOWN: Laminar. slug flow m a circular tube with uniform surface heat flux. 

FIND: Temperature distribution and Xusselt number. 

SCHEMATIC: 

i ?5 - COTlsf" 



V 



u.(r)=U 0 




ASSLTMPTIOXS: (L) Steady, incompressible flow, with negligible viscous dissipation, (2) Constant 
properties, (3) Fully developed, laminar flow, (4) Uniform surface heat flux. 

ANALYSIS: With v = 0 for fully developed flow and ST/dx = dT m /dx = const, from Eqs. 8.32 and 
8.39, the energy equation, Eq. 8.4E, reduces to 



dx r 3 r ^ 3 r ) 



Integrating twice, it follows that 

— +Q ^n(r) + C 2 . 



T(r) = — dTm 
v ' a dx 4 



Since T(0) must remain finite. C\ = 0. Hence, with T(r 0 ) = T s 



dT, 



a dx 
From Eq. 8.26, with 1% = u 0: 

2 



m_ 'Q 
4 



T(r) = T s 



u^_ dT m 
4ff dx 



2 



u o r 0 2 dT t 



^ Uq dT m 
2 4tr dx 



Sff dx 



From Eq. 8.27 and Fourier's law, 
. <?T I 



h = - 



qs 



^s ^m 



^s 



lience. 



J Veto) dT i 



{ 2a } dx 
Sff dx 



4k 



8k 



Nu D =^ = 8. 
k 
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PROBLEM 8.19 

KNOWN": Heat transfer between fluid flow over a tube and flow through the tube. 

FIND : Axial variation of mean temperature for inner flow. 

SCHEMATIC: 




777,0 



ASSUMPTIONS: (1) Applicability of Eq. 8.34, (2) Negligible axial conduction, (3) 
Constant Cp, (4) Uniform Tqc. 

ANALYSIS: From Eq. 8.36, 
dq = mc p dT m 

with 

dq = UdA ( T^ - T m ) = U P ( T, x - T m ) dx. 

The overall heat transfer coefficient may be defined in terms of the inner or outer surface 
area, with 

UiP 1 = U 0 P o . 
For the inner surface, from Eq. 3.31, 

n-1 



Ui = 



M k q r 0 h 0 



Hence, 



dT, 



m 



UP . 

= + CIX 



^■x Tm 111 c p 



or, with AT = T l33 - T m , 



ATi AT mc p 0 



Hence, 



ln^ 



AT i 



PL ^J L Udx] 
L 0 J 



Too t 



: exp 



PL 



m < 



U 



COMMENTS: The development and results parallel those for a constant surface 
temperature, with U and T^ replacing h and T s . 
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PROBLEM 8.20 

KVOW^N: Hun-walled tube experiences sinusoidal heat flux distribution on the wall. 

PTXD: (a) Total rate of heat transfer from the tube to the fluid, q. [b) Fluid outlet temperature, T^, (c) 
Axial distribution of the wall temperature T ; (x) and (d) Magnitude and position of the highest wall 
temperature, and (e) For prescribed conditions, calculate and plot the mean fluid and surface 
temperatures, T m (x) and T 5 (x), respectively, as a function of distance along the tube; identify features of 
the distributions: explore the effect of ±25% changes m the convection coefficient on the distributions. 



SCHEMATIC: 



q" s M = q' o sm{izx A.) 



r y d ' i 



ASSUMPTIONS: (L) Steady-state conditions. [2) Applicability of Eq. 8.34, (3) Turbulent, fully 
developed flow. 

ANALYSIS : (a) The total rate of heat transfer from the tube to the fluid is 

q = J Q L q* Pdx = q^rD j° sin ( ;Tx/L )dx = q^rD (l» [- cos ( jnc/L )] J" = 2DLq£ (1) < 

(b) The fluid outlet temperature follows from tlie overall energy balance with knowledge of the total heat 
rate, 

q = mc p ( T m o - T m ;1 ) = 2DLq Q T nl _ 0 = T m ^ l + { 2 DLq^ /mc p ) (2) < 

(c) The axial distribution of the wall temperature can be determined from the rate equation 

q* = h [T s (x ) - T m (x)] T s?x = T m;X (x) + ql/h (3) 

where, by combining expressions of parts (a) and (b), T^x) is 
J * qjPdx = mc p ( T mx - T m l ) 

Vx = Vi +^|Nin (,Tx/L)dx = T ltrl -^[l -cos («/L)] (4) 
mCp mcp 

Hence, substituting Eq. (4) into (3), find 

T s (x) = T m;i +^o[l-co S (ffx/L)] + ^- M ii{^x/L) (5) < 

(d) To determine the location of the maximum wall temperature x' where T x (x r ) = T ijnil5 , set 

dT,(x) a { pLq; n , q ; . , 

= 0 = — <, 1-cos ,tx/L - — sin ,tx/L I 

dx dx [ mcp L - 1 J h ' } 

^--■ffln{BxyL) + ^---OM(ffx'/L) = 0 tanf^'/L)—— 5^ - 

hiCp L h L DLq o yriiCp DLh 

Continued.. 



mc p 
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PROBLEM 8.20 (Cont.) 

L -if 



x = — tan I -mc 



p/DLh} (&)< 



At this location, the wall temperature is 

T 3 m ;L x=T s (x r ") = T m _ 1 + H^[l-ccs(W/L)] + ^ S in(;rx'/L) (7) < 

mcp h 

(e) Consider the prescribed conditions for wlucli to compute and plot TJx) and T t (x), 

D = 40 nun m = 0.025 kg/s h = 1000 W/nr q 0 = 1 0,000 W.'nr 3 

L = 4rn c p = 4180 J/kgK T IC . L = 2.5 0 C 

Using Eqs. (4) and (5) in IHT, the results are plotted below. 



4S 




DisUnce, r. (it) 

-»- Tm(i] 

— •— Ta'x); h = 12SG Wrr2.K 

TbJx ; h = 1000 W,'rr2.K 

— *— T5i|xj; h = 750 Wln2K 

Hie effect of a lower convection coefficient is to increase the wall Temperature. The position of the 
maximum temperature, T 1JEil i, moves away from the tube exit with decreasing convection coefficient. 

COMMENTS: (1) Because the flow is fully developed and turbulent, assuming h is constant along the 
entire length of the tube is reasonable. 

(2) To determine whether the T K (x) distribution has a maximum (rather than a minimum), you should 
evaluate d i T i (x)/dx : to show the value is mdeed negative. 
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PROBLEM 8.21 

KNOWN: Water is heated in a tube having a wall flux that is dependent upon the wall temperature. 

FEND: (a) Beginning with a properly defined differential control volume m the tube, derive 
expressions that can be used to obtain the temperatures for the water and the wall surface as a function 

of distance from the inlet. T m (x) and T s (x), respectively; (b) Using a numerical integration scheme. 

calculate and plot the temperature distributions, T m (x) and T 3 (x), on the same graph. Identify and 
conmient on the main features of the distributions; and (c) Calculate the total heat transfer rate to the 
water. 



SCHEMATIC: 



ci = 0.2 K" 

T rBf =20°C 



J 4 :v 



m = 0.1 kg/s 
I m , = 20»C 



Tube, □ = J 5 mm, h - 3000 W.'m'.K 



I 

L = 2m 



Cortrol volume 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed flow and thermal conditions. (3) 
No losses to the outer surface of the tube, (3) Constant properties, and (4) Incompressible liquid with 
negligible viscous dissipation . 

PROPERTIES: Tabic A-6, Water ( T m = ( T m , + T m 0 ) / 2 = 300 k) : c p = 4179 J/kg-K 

ANALYSIS: (a) Hie properly defined control volume of perimeter P = n"D shown in the above 
schematic follows from Fig. S.S. The energy balance on the CV includes advection convection at the 
inner tube surface, and the heat flux dissipated in the tube wall. (See Eq. 8.37). 

(x) P = hP[T s ( X )-T m (x)] (1.2) 



dx 



where q, (x ) is dependent upon T 3 (x) according to the relation 

qIW = qs,o[i+ff(T s (x)-T ref )] 



(3 



(b) Eqs. (1 and 2) with Eq. (3) can be solved by numerical integration using the Der function hi IHT as 
shown in Comment 1 . The temperature distributions for the water and wall surface are plotted below. 



■ '/i'31= r Te3T :=T3eralTjr&, Tm*: 
Lb2 EjrTasE temperature. Tsixj 



Continued 
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PROBLEM 8.21 (font.) 

(c) The total heat transfer to the water can be evaluated from an overall energy balance or. the wa ter. 

? = lilc p(V(i"Vi) < 4 ) 



q = 0. 1 kg .' s, x 4179 J / tg - K(34.4 - 20) K = 60 IS W 



< 



Alternatively, the heat rate can be evaluated by integration of the heat flux from the tube surface over 
the length of the tube, 
L 

q=J q^xJPdx (5) 

where q° (x ) is given by Eq. (3). and T s (x) and T m (x) are determined from the differential form of 
the energy equation, Eqs. (1) and (2). The result as shown in the IHT code below is 6 005 W. 

COMMENTS: (1) Note that Tq^x) increases with distance greater than linearly, as expected sttsce qj (x) 

does. xA.ls.0 as expected, the difference, T ? (x) - T m (s). likewise increase*, with dittar.ce greater than linearly. 

(2) In the foregoing analysis. c p is evaluated at the mean fluid temperature T m = (T^; + T^o).^. 

(3) The IHT cade representing the foregoing equations to calculate and plot the temperature 
distribution and to calculate the total heat rate to the water is shown below. 

■" Results: integration for distributions; conditions at x =2 m 
F_kTb Ts cf of s_K x Tm 

11.64 73.10 E4B3 1.1B4E5 2 34.39 
3 30 1414 3E4 0 20 V 

y* Results: heat rate by energy balances on fluid and tube surface 
q_eb q_hf 
6018 6005 1 

.'* Results: for eva uating cp at Trm 

Ts cp q"3_x x Trm 

73.31 4179 1.166E5 2 T£A± 

30 4179 3E4 0 20 V 

H Energy balances 

moot * cp * der0~nn.>c) = q' II Energy balance, Eq. 6.37 

q" = q"s_x * P 
cf'sjt = q"o * F_xTs 

qf = h * P * (Ts - Tim) II Conrvecfcn rate eq uation 

P = pi * D 

Surface heat flux specification 
FjtTsi = ( 1 + alpha * {Ts -Tref)) 
alpha = 0.2 
Tref =20 

II Overall heat rate 

II Energy balance on the fluid 

q_eb = mdot * cp * iTrno - Trr ) 
Tmi=20 

Tmo = 34.4 II From initial solve 

Integration of tile surface heat flux 

q_hf = q"o * P * I NTEG RAL( F_xTs, K) 

II Input variables 

mdot = 3.1 
D = 0015 
h = 3D0O 
q"o = 1 ,0b4 

II L = 2 II Limit of integration over x 

II Trmi = 20 II Initial condition for integration 

.'.'Water pro perry functions :T dependence. Fron' Table A. 6 
II Units: T(K), p{bars); 

■:> = 3 II Quality (0=sat liquid or 1 =sat vapor} 

cp = cp_Tx('Water",Tmm.xK) II Specific heat. JrfkgK 

Tmm = (20 + 34.4) 1 2 + 273 
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PROBLEM S.22 



KNOWN: Inlet temperature and flowrate of oil flowing through a tube of prescribed surface temperature 
and geometry. 

FTXD: (a) Oil outlet temperature and total heat transfer rate, and (b) Effect of flowrate. 
SCHEMATIC: 



D = 0.05 m 




J5iL 

0.5 /rV ?.0 kg/s 

r mri = 20«c ^ 

ASSUMPTIONS: (1) Negligible temperature drop across tube wall. (2) Incompressible liquid with 
negligible viscous dissipation. 

PROPERTIES: Table A.5, Engine oil (assume T m . 0 = 140°C 1 hence T m = 80°C = 353 K): p = S52 
kg/m\ v = 37.5 x 10" s m 2 /s ; k = 138 x 10" 5 \\7mK, Pr= 490, u = p v = 0.032 kg/ms. c P = 213 1 J/kg-K. 

ANALYSIS: (a) For constant surface temperature the oil outlet temperature may be obtained from Eq. 
8.41b. Hence 



T m,o = T s -i. T s- T m,i ) ex P 



,TDL: 



To determine h. first calculate Re;j from Eq. 8.6. 

4m 4 (0.5 kg/s) 



Re D = 



- = 39S 



TiUfi 7i [ 0 .0 5m ) ( 0 . 03 2 kg/m ■ s ) 
Hence the flow is laminar. Moreover, from Eq. 8.23 the thermal entry length is 
x fd,t =*0.05DRe D Pr = 0.05 (0.05 m) (398) (490) = 486 m. 

Since L = 25 m the flow is far from being thermally fully developed. Since Pr > 5, h may be determined 
fromEq. S.56" 

0.0668 (D/L)Re D Pr 



Nud=3.66 + - 



2/3 



l-0.04[(D/L)Re D Pr] 

With (D.'LjReuPr = (0.05/25)398 x 490 = 390. it follows that 

Nuq =3.66 + — — — = 11.95. 
1-2.14 

Hence, h = Xup — = 1 1.95 0 138 ^'/ m K = 33 W / m 2 • K and it follows that 
D 0.05 m 1 



Continued.. 
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PROBLEM 8.22 (Cant.) 



T mo =150 & C-(l50°C-20°c]exp 



,7 (0.05 m) (25 m) 
0.5kg/sx2131J/kg-K 



xj.Uv/m 2 -K 



T^ = 35°C. <■ 
From the overall energy balance, Eq. 8.34, if follows that 

q = mCp (Tjjl 0 — Tqj^ ) = 0.5kg/sx 2131 J/kg -K x (35 - 20) = C 

q=15,9SOW. < 

The value of T M has been grossly overestimated in evaluating the properties. The properties should be 
re-evaluated at T = (20 + 35)/2 = 27°C and the calculations repeated. Iteration should continue until 
satisfactory convergence is achieved between the calculated and assumed values of T mi0 . Following such 
a procedure, one would obtain T„ = 36.4°C, Reo = 27.8. h = 32.8 \V :n X. and q = 1 5,660 W. The 
small effect of reel's luating the properties is attributed to the compensating effects on Rf3 (a large 
decrease) and Pr (a large increase). 

(b) The effect of flowrate on T^ 0 and q was determined by using the appropriate IHT Correlations and 
Properties Toolpads. 




Massf owratp. mdotikgtej 




ISiOC 



The heat rate increases with increasing m due to the corresponding increase m Ren and hence h. 

However, the increase is not proportional to m . causing ( T m 0 - T m j ) = q^mcp , and hence T^o- to 

decrease with increasing m . The maximum heat rate corresponds to the maximum flowrate (m = 0.20 
kg/s). 

COMMENTS: Note that significant error would be introduced by assuming fully developed thermal 
conditions and Nut} =3.66. The flow remains well within the laminar region over the entire range of 
m. 
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PROBLEM 8.23 



KNOWN: Inlet temperature and flow-rare of oil moving Through a tube of prescribed diameter and 

surface temperature. 

PINT): (a) Oil outlet temperature T^ a for two tube lengths, 5 m and 100 m, and log mean and arithmetic 
mean temperature differences, (b) Effect of L on T^o and NuD . 

SCHE^MTIC: 




m = 0.5 kg/s 



ASSUMPTIONS: (1) Steady- state conditions. [2) Incompressible liquid with negligible viscous 
dissipation (3) Constant properties. 

PROPERTIES: Table A.4, Oil (330 K): c p = 2035 J7kgK, u. = 0.0S36 Ns/m : , k = 0.141 W/m-K, Pr = 
1205. 



ANALYSIS: (a) Using Eqs. 8.41b and 8.6 

,-DL- 



Re D = 



Vo = T s - ( T s - T m,i } ex P 
4rh _ 4x0.5kg/s 



,iDu % x o.025m x 0.083 6 N ■ s/t: 



■ = 304,6 



With Xfj.t = O.OSDRec = 0.4 m, it is reasonable to assume the flow is hydrodynamics lly fully developed. 
However, with Xfi. t = XfajPr = 495 in. the flow is thermally developing. Since tlienrial entry length effects 
will be significant and Pr > 5. use Eq. 8.56 



D 



3.66-- 



0.06SS(D/L)Re D Pr 



0.141 W/mK 



0.025m 



3.66 + 



2.45xl0 4 D/L 



l-0.04[(D/L)Re D Pr]" : 

For L = 5 m h = 5.64(3 .66 + 1 7.5 1) = 1 1 9 w/ m 2 - K , hence 

t ,m»r l-i*A ' K x m x 5 m x 1 1 9 w/m~ ■ K 
V ? 0 . 3 kg/ s x 203 5 J/kg ■ K 

For L= 100 m, h= 5.64(3.66 + 3.38) = 40 w/rn~ - K , T m . o = 44.9 0 C. 
Also, /or L = 5 m, 



1 + 205(D/L)- 



= 28.4"C 



< 
< 



AT/, 



71.6-75 



inf AT 0 /AT,) in (71.6/75) 
.For L= 100 m, ATf m =64.5°C, 



— - 73.3°C AT am = {AT 0 + AT; )/2 = 73.3° C 



AT ara = 65. fC 



(b) The effect of tube length on the outlet temperature and Xusselt number was determined by using the 
Correlations and Properties Toolpads of IHT. 

Continued... 
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PROBLEM S.23 (Cant.) 




The outlet temperature approaches the surface temperature with increasing L. but even for L = 100 m, 
T^o is well below T ; . Although NuD decay* ■with increasing L, it is still well above the fully developed 
value of Nuc.ft = 3.66. 

COMMENTS: (1) The average, mean temperature. T m = 330 K, was significantly overestimated in 
part (a). The accuracy may be improved by evaluating the properties at a lower temperature. (2) Use of 
AT ;:T instead of AT/ m is reasonable for small to moderate values of (T 3L1 - T m o). For large values of (T^ 
- Tcuo). iT/ m should be used. 
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PROBLEM 8.24 



KNOWN: Oil at 75 G C enters a single-tube preheater of 10-mm diameter and 5-m length; tube surface 
maintained at 175°C by swirling combustion gases. 

FCS'D : Determine the flow rate and heat transfer rate when the outlet temperature is 95°C. 
SCHEMATIC: . — T a = 1 75 °C 



m=? 



-> - 



75°C 



> x 



Tube, D =10 mm 



I 

L = 5 m 



ASSUMPTIONS: (L) Combined entry length, laminar flow, (2) Tube wall is isothermal. (3) 
Incompressible liquid with negligible viscous dissipation (4) Constant properties. 

PROPERTIES: Table A- 5, Engine oil. new (T m = (T^i - T m o )/2 = 361 K): p = 847.5 kg/m 3 , c p = 
21 63 J/kg-K, v = 2.93 1 x 10" 5 m 2 /s, k = 0. 1379 W/m-K Pr = 390.2, u = 0.0245. 



ANALYSIS: The overall energy balance, Eq. 8.34. and rate equation, Eq. 8.42b, are 
q = inc p (V 0 -T m4 ) 



T t -T, 



m.o 



PLh 



- expi -- 



(1) 
(2) 



Not knowing the flow rate m, the Reynolds number cannot be calculated. Assume tliat the flow is 
laminar, and the combined entry length condition occurs. The average convection coefficient can be 
estimated using the Hansen correlation. Eq. 8.56, 



Nu 



D 



5.66 — 



0.066S(D/L)Re D Pr 
1 + 0.04[<D/L) Re D Pr] 



2/3 



(3: 



where all properties are evaluated at T m = (Tuli + T m .o)'''2. The Reynolds number follows from Eq. 
8.6, 



- 



A tedious trial- and-error solution is avoided by using IHT to solve the system of equations with the 
following result: 



130 



Nu 



D 
7.25 



h D (W/nT-K) 
100 



1360 



m(kg.-h) 
90 



Note that the flow is laminar, and evaluating xf<j using Eq. S.3, find Xf&k — 0.065 m so the thermal 
entry length condition is appropriate. 
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PROBLEM 8.25 

KNOWN: Oil flow rate. Pipe diameter. Inlet, outlet and pipe surface temperatures. 
FIND : Length of tube required to achieve desired outlet temperature. 
SCHEMATIC: 

D=5mm ^T t =150°C 

_1 

m = I kp/s 



T, = 45°C "* 



a 



T n = eo-c 



ASSUMPTIONS : (1) Steady -state, (2) Incompressible flow, (3) Negligible viscous dissipation. 

PROPERTIES: Table A-5, Engine oil (T t = 45°C = 318 K): u t = 16.3 x W 1 Ns/nr: (T 0 = 80°C = 
353 K): Mo = 3 .25 x 10" : Ns/nr. 

ANALYSIS: We beam by calculating the Reynolds numbers at the inlet and outlet, from Equation 
8.6. 

= -+*- = i^lkg/s 56[) 

ji D Uj n x 0.005 m x 16.3 x 1 0" J N ■ s/nr 



^ = 4Xlkg/S 2 . . =7*40 

n x 0.005 mx 3.25 * lCTN-s/m J 

Therefore the flow is laminar at the inlet and turbulent at the outlet. The transition occurs when Rec = 
230Q = that is, where 

u= = 1^ = 11.1 x lO^N-s/m 2 

:rD2300 jt x 0.005 m* 2300 

From Table A-5. this occurs at a transition temperature of T al = 325 K = 52°C. Now we proceed to 
analyze separately the heat transfer in the laminar and turbulent regions. 

Laminar Region. The mean temperature in the laminar region is Te1= (45 ; C + 52°C)/2 = 4S.5°C = 
321.5 K. The properties are c ?L = 1999 J/kg'K, ui = 13.2 x 10" : Ns/W, k; = 0.143 W/m-K, Pr = 
185 1 . We recalculate the Reynolds number. 

Re D1 = = - , y = 1930 

si D uj ?r x 0.005 m x 13.2 x lO _i N - sim 

The hydrodynamic and tliennal entry lengths are given by 

x iik = 0 05 ^Di D = °- 05 * 1930 * 0 005 m = °- 48 m 

x tUt = x fd,b ■ = 0 48 m * 1&51 = 890 m 
Based on tins information, we assume the flow is hydrodynarnically developed but thermally 
developing, and use Equation £.56 for the Nusselt number (with Pr > 5), 

N^ D1 = h-D,k- = 3.66 - 0 0*68 (mi) Rep. Pri (1) 
1 -0.04 [(D/Lj) Re D1 Prj] 

where Li is the length of the laminar region, which is as yet unknown. We can also use Equation £.42 
for the mean temperature variation: 



-" 



= exp 

T.-T, ^ mCpl 



hDLj — 
— ^ 



Continued. 
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PROBLEM 8.25 (Cont.) 



Solving for hj L] , we have 



ir.n 



hiLi = In 



1 kg/s * 1999 J/kg-K , f "l50 n C-52°C 



In - 

ir x 0.005 m 1,150=^-45^ , 

= 8780 W/ni'K (2) 



We can solve by iterating between Equations (1) and (2). Beginning with the estimate Nioi = 3.66, 
we find hi = 3. Go" ki/D = 105 W/hr-K. From Equation (2). L; = 34 m. Then from Equation (1). 
Xudi= 22.3 and hi = 639 \\7m 2 'K Continuing the iterations, we find Num = 16.9, hi = 4S4 
wW-K^andLj = 18.1 m_ 

Turbulent Range. The mean temperature in the turbulent region is T m 2 = (52°C - S0°C)/2 = 66°C = 
339 K. The properties are Cjj = 2072 J/kgK, u 2 = 5.62 x 10" 2 N-s/m 2 , k 3 = 0. 139 W/m-K, Prj = 834. 
Thus 

4 m 

Re D , = ^— =4530 

«D|l2 

We assume the flow is fully-developed hydrodynamically and thermally and use Equation 8.62, 
(f?8)(Re D , - 1000) Prj 



Xu D2 = 



1 - 12.7 (£■■&) '"(Prf ' 3 - 1) 



where from Equation 8.21 , 

f = (0.790 In Ren: - 1-S4)" 2 = (0.790 In (4530) - 1.64)" : = 0.0398 

Thus 

(0.Q398/S) {4530 - 1000) 834 

^u D^ = — - — ^ J —, = 184 

1 - 12.7 (0.039&/8) I,,j: (S34-' J - 1) 

and hj = NuDik : /D = 5120 W'm : -K. Then the required length L] can be found from Equation 8.42, 
expressed between the transition point and the outlet, 



T - T 

= exp 



f 



m 



Lj = In 

itDh 



T--T, 



2 V. T i T »,t.j 



1 kg , ■ 2072 J kg K p50 o C-80°cr 



it x 0.005 m x 5 120 W/ur ■ K U50°C - 52°C 



= 8.7m 

The total required lengthisL=L 1 -L i =26.8m. < 

COMMENTS: (1) If we had simply calculated tlie properties based on the mean temperature of T m = 
(45°C + SQ°C)/2 = !52.5 D C = 335.5 K. we would have found Re D = 38 1 0. Assuming tlie flow to be 
turbulent throughout would have resulted in a higher average Nusselt number, Kud = 159, and 
correspondingly lower total length, L = 11.9 m. The variation of properties with temperature can be 
very important for some fluids such as oils. (2) If the oil were being cooled by exposure to a cooler 
wall the Reynolds number could decrease from a turbulent to a laminar value. The flow would likely 
not completely 'Telamiuarize,"' and the heat trans fex in the section for which Rec < 2300 would fall 
between the values calculated using laminar and turbulent Nusselt number correlations. 
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PROBLEM 8.26 

KNOWN: Ethylene glycol flowing through a coiled, thin walled tube submerged in a well-stirred 
water bath maintained at a constant temperature. 

FIND : Heat rate and required tube length for prescribed conditions. 

SCHEMATIC: 

^h&Olkgfs A 

T mJ --B5"C — 



Th in- wa/Zee/ — 
fube,D-3 




Y<kil-siirrmd 
water bath, 
%>=2J5*C 




ASSUMPTIONS: (1) Steady-state conditions. (2) Tube wall thermal resistance negligible, (3) 
Convection coefficient on water side infinite: cooling process approximates constant wall surface 
temperature distribution. (4) Incompressible liquid with negligible viscous dissipation, (5) Constant 
properties, (6) Negligible heat transfer enhancement associated with the coiling. 

PROPERTIES: Table A-5, Ethylene glycol (T m = (85 + 35) 3 C/2 = 6D°C = 333 K): c p = 2562 
J/kg-K, u = 0.522 x 10~~ N-s/m", k = 0.260 W/mK, Pr = 51.3. 
ANALYSIS: From an overall energy balance on the tube, 

q conv = rii Cp (T m 0 - T^i ) = 0.01 kg/s x 2562 J/kg (3 5-85)° C = -1281 W. (1) < 

For the constant surface temperature condition, from the rate equation 



A s - q conv .■' hAT^ n 



(2) 



at r 

AT /m = { AT C — AT- K ^"T^T =[(35 - 25)" C-(85- 25)° C 



35 —75 

/in = 27.9 g C. (3) 

85-25 



Find the Reynolds number to determine flow conditions, 
4m 4x0.01 kg/s 



Re D 



= 813. 



n Du x x 0.003 m x 0.522 x 10~ 2 N - s/m 2 
Hence, the flow is laminar and. assuming the flow is fully developed, the appropriate correlation is 



(4) 



Nud = — = 3.66, 
k 



h = Nu — = 3. 66x 0.260— ^— /0.003m = 3 17 W/m 2 -K. (5) 
D m-K 



From Eq. (2), the required area, and tube length. L, are 

A & = 1 28 1 W/3 1 7 W/m 2 ■ K x 27.9°C = 0. 1 448 m 2 

L = A s / iD = 0. 1448m 2 / n (0.003m) = 1 5.4m. < 

COMMENTS: (1) The hydrodynamic entry 7 length is Xfit = O.OSRe^Pr = 0.12 m, so it is reasonable 
to assume the flow is fully developed. However, ivith x& - =XH.^Pr= 6.3 m. the temperature is 
developing over a significant portion of the length. The Hansen correlation is appropriate. Assuming L 

= 15.4 m, this yields Nud = 4.13. h = 35 8 W / nr ■ K, L = 1 3 . 6m. Further iterations converge to L = 
13.4 m. (2) Note also the sign of the heat rate qconv when using Eqs. (1 ) and (2). 
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PROBLEM 8.27 

KNOWN: Inlet and outlet temperatures and velocity of fluid Eow in tube. Tube diameter and length. 

FIND: Surface heat flux and temp e ratine* at x = 0.5 and 10 m. 

SCHEMATIC: 

k L=10m >\ 

&t — > M 7 ^) — 



mono 

75: 



ASSUMPTIONS: (1) Steady- state conditions, (2) Constant properties, (3) Negligible heat 
loss to surroundings, (4) Incompressible liquid with negligible viscous dissipation. (5) Negligible 
axial conduction. 

PROPERTIES: Pharmaceutical (given): p = 1000 kg'm\ c p =4000 J/kg-K u = 2 x 10" 3 
kg/s in, k = 0.80 W/mK, Pr = 10 

ANALYSIS: With 

m = pVA =1000 kg/m 3 (0.2 in/s)jr(0.0127 in) 2 /4 = 0.0253 kg/s 
Eq. 8.34 yields 

q = ih c p ( T ni0 - T m i ) = 0.0253 kg/s ( 4000 Ikg ■ K ) 50 K = 5060 W. 
The required heat flux is then 

q* = q /A s = 5060 W/z (0.01 27 m) 1 0 m = 12,682 W/ni 2 < 

With 

Re D = pVD/fJ = 1000 kg/m 3 ( 0.2 m/s ) 0.0127 m/2 x 10~ 3 kg/s - m = 1 270 

the flow is laminar and Eq. 8.23 yields 

Xfdjt =0.05Re D PrD= 0.05 (1270)10(0.0127 m) = S06 m. 

Hence, with fully developed hydro dynamic and thermal conditions at x = 10 m, Eq. 8.53 
yields 

h (10 m) = Nu D fd (kT>) = 4.36(0.80 W/m-K/0.0127 m) = 274.6 W/m 2 ■ K. 
Hence, from Newton's law of cooling, 

T s.o = T nio + (is 1 h ) = 75 = C + (l2,6S2 W/m 2 /274.6 W/m 2 - K ) = 12 t°C . < 

At x = 0.5 m, (x''D)/(Rei>Pr) = 0.0031 and Figure 8.10 yields Nuq * 8 for a thermal entrv 

1 

region with uniform surface heat flux. Hence, h(0.5 in) = 503.9 W/m K and. since T m 
increases linearly with x, T in (x = 0.5 m) = Tj^li ~~ (T nl0 - T m [) (x/L) = 27.5 C C. It follows that 

T s (x = 0.5 m)* 27.5 = C + (l2,6S2 W/m 2 /503.9 W/m 2 -X) = 52.7°C. < 
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PROBLEM 8.28 



KNOWN: Inlet temperature, flow rate and properties of hot fluid. Initial temperature, volume and 
properties of pharmaceutical. Heat transfer coefficient at outer surface and dimensions of coil. 

FIND: (a) Expressions for T c (t) and Th.o( r ), (b) Plots of T c (t) and Th_o(t) for prescribed conditions. 
Effect of flow rate on time for pharmaceutical to reach a prescribed temperature. 



SCHEMATIC: 



m h = 2.4 kg/s, T h-i = 200 D C 



Ki = 0.00? N/wn 2 
k h = 0.760 Wfm-K 



Tubing 



D - 0.05 m, L = 40 m 
ti 0 = 1000 VWm<-K 

'Pharmaceutical 



Cii = 25 Cl C,V c = 1 m 3 
f> c = 11 DO kg/m3 
c vc = 2000 J/kg-K 



ASSUMPTIONS: (1) Constant properties. (2) Negligible heat loss from vessel to surroundings, (3) 
Pharmaceutical is isothermal. (4) Negligible work due to stirring. (5) Negligible thermal energy 
generation [or absorption) due to chemical reactions associated with the batch process, (6) Hot fluid is 
an incompressible liquid ivith negligible viscous dissipation (7) Negligible tube wall conduction 
resistance. 



ANALYSIS: (a) Performing an energy balance for a control surface about the stirred liquid, it 
follows that 



dt 



I p c V c c v c T c 



dT c 



q(tj 



where. 



where 



AT* 



dt v " ¥ ' L ' L ■ L v " dt 
q(t) = m h Cph(Th rl -T h>0 ) 

q(t) = UA s ATf m 
( T h,i - T c ) - ( T li,o - T c ) ( T h.i - T h,o ) 



T h,o"Tc 



fa 



T h i - Tc 

T h,o- T ( 



(L) 
(3a) 

(3b) 



Substituting (3b) into (3a) and equating to (2), 

( T h,i- T h,o) 



m h c p,k ! T h,i - T h,o ) = UA s ■ 



Hence. 



fn 



T h,i~ T c 
.Th.o-T c , 



In 



T h,i~ T c 
Th.o ~~ T c 



m h c p,h 

T h,o ( 0 = T c + (Th,! - T c ) ex P f - UA s ^h c p,h ) 
Substituting Eqs. (2) and (4) into Eq. (L), 



01. 



(4) < 



Continued 
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PROBLEM S.2S (Cant.) 



A; v c c v,c = ™h c p,h [ T h,i " T c " ( T h,i " T c J eK P (- UA s ■' ™h c p,h )] 

dT c ^h^h(Xi-T c ) r , . .- 

— - = 77 " 1 " ex P I " UA 5 ' "h Cp.h ) ' 

at ytVv>c T -r L /J 



J T C;l (T c -T h4 ) ftV c c v , c L ^ 5 h ^ h; - J o 



-fn 



Jc4- T h,l, 



l"h c p,ll 
flc^c c v,c 



[l-exp(-UA g /ihtcp^) t 



T c( t ) = T h,i-( T h,i- T c,i) es P 



m h c p,h [ ] " es P (" UA s m h c p : h )] 1 , 
Pc^'c c v,c 



Eq. (5) may be used to determine T c (t) and the result used with {4) to determine T^tt). 



(b) To evaluate the temperature histories, the overall heat transfer coefficient, u = ^b^ 1 +1^ " | , must 

First be determined. With Re D = 4 m ■ tD/j = 4 x 2.4 kg / s / n ( 0.0.5 in) 0.002 N ■ s/m^ = 30. 600, the flow 
is turbulent and 



, V 0.260 W/m-K 

hi = — .Nun = 

1 D u 0.05m 



0.023(30, 600) 4/:; ( 20>° 3 J = 1 140 W/m 2 ■ K 



Hence, U = [(l000) 1 + (lH0) 1 



-: 



W ■■' m ■ K = 532 W / m K. As shown below, the temperature of 



the pharmaceuticals increases with time due to heat transfer from the hot fluid approaching the mlet 
temperature of the hot fluid (and its maximum possible temperature of 200°C) at t = 3600s. 
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PROBLEM 8.28 (Cant.) 

■> 

With increasing T c . the rate of heat transfer from the hot fluid decreases (from 4.49 >: 1 0' W at t = 0 to 
6760 W at 3600s), in which case increases (from L25.2 S C at t = 0 to 19S.9°C at 3600s). The time 
required for the pharmaceuticals to reach a temperature of T c = L60 :3 C is 

t c = 1266s < 

"With increasing rii^ the overall heat transfer coefficient increases due to increasing h[ and the hot 
fluid maintains a higher temperature as it flows through the tube. Both effects enhance heat transfer to 
the pharmaceutical, thereby reducing the time to reach 1<50 S C from 217Bs for = lkg/s to 906s at 5 
kg/s. 




For 1 < m h < 5kg /s, 12,700 < Re D < 63,700 and 565 < < 2050 W.' ■ K. 

COMMENTS: (1) Although design changes involving the length and diameter of the coil can be 
used to alter the heating rate, process control parameters are limited to , and m^. (2) Cooling the 

tube can increase the inside heat transfer coefficient, as will be seen in Section 8.7. 
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PROBLEM 8.29 



KNOWN: Mold dentin 7 , specific heat and size, total water flow rate. Water inlet mean 
temperature and initial mold temperature. Hydrodynamics lly fully developed flow at mold 
coolant channel inlet. 

FEND: Configuration (N = 5 or N = 1 0) which will cool the mold faster, initial cooling rate 

(°C/s). 

SCHEMATIC: 




Water 

hydratfynamcally 
fully devEloped 



ASSUMPTIONS: (1) Constant properties, (2) Incompressible liquid and negligible viscous 
dissipation. (3) Lumped capacitance behavior. 

PROPERTIES: Table A.6, water: (f m = 380 K, a turned): k = 0.683 W/m-K r c ? =4226 J/kg K, 
Mf = 260 x 10~ e N-s. ; m : ; Pr = 1 61 . 

ANALYSIS: 

(a) We begin by analyzing tine situation based on the assumed mean temperature. 

_ „ r „ 4rnN 4 x 0.02 kg ; s/5 
For N = n. Re = — ' — 



irDu jt x 5 x 10° m x 260 x 10^N-s7m 2 
From the Guielmski correlation, 

f= (0.790 In (3917)- 1.64)" 2 = 0.042 
(0.042/8) (3917 - 1000)1.61 



3917 (not laminar) 



Nu n = 



1 + 12.7 (f/sy^o.er - 1) 



= 18.35 



h = Nu D kT> = 13.3SxO.6S3 W.'ni-K/ 5 * lO^m = 2506 W/m' -K 
From Equation 8.42 with P = TtD = ?t x 5 x 10" j m = 15.71 x 10 J m, L= 100 x 10° m 



Continued. 
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PROBLLM S.29 (font.) 



190 -T^ f 15.71 * 10" 3 mx 100 x 10" 3 m „^ TTr .- 2 „ 
- ffltp — , ■ x 2n06 W'm ■ K 



190 - 30 [ { 0.02 kg/s/5 ) * 4226 J/kgK 



or TV.,, = 63.2°C 

ForX = 10, Re = — = ill- = 1959 (laminar) 
irDu 2 

From the Ha.usen correLition 

— 0.0668 x (5/50) x 1959 x 1.61 

>ud =3.66- = 11.04 

1 -0.04 [(5/50) x 1959 x 1.6l]"' 
h = Nurjk/D = 1 1 .04 x 0.683 W/m ■ K/ 5 x I0" 3 m = 1 50S W/'m 3 ■ K 



From Equation 8.42 witliP = 15.71 x 10"' m, L = 50 x 10" 3 m, 

190 - ^ = ' 15.71 xlQ-V, 50 xlQ-V x L5og ^ m: „ 



190-30 I (0.02 kg/s>/lQ)x 4226 J/kgK 

or Tujd = 50.9°C 

Since AT„L. r > AT_,L .„ . we should chooie the T\ = 5 case. 

m IN=5 m tN=10 

However, the actual mean temperature for the N = 5 case is 

f m = (3Q°C + 63.2°C)/2 = 46.6°C = 320 K . 

At T m = 320 K and from Table A 6, 

k = 0.640 W/m-K c P = 4180 J/kg'K, Li f = 577 x lO^N-s/m 2 , Pr = 3.77 

4rh/N 4 x 0.02kg ; s/5 

For X = 5. Re = = = w 1 , T = 1765 (laminar) 

irDu x x 5 x l0"'m x 577 x lO^Ns/in" 

From the Hausen correlation 

— , „ 0.0668 x (5/100) x 1765 x 3.77 

>.ud =3.66+ i jrj- = 11.27 

1 +0.04[(5/100) x 1765 x 3.77] ' 
h = NuDk/D = 1 1 .27 x 0.640 W/m ■ K/ 5 x I0" 3 m = 1443 W/m 3 ■ K . 

From Equation 8.42, 

190 - T - = exp \- 15 - 71Xl °" VxlQOXl0 ' jm x 1443 W/m 3 ■ k) 



1 90 - 30 [ (0.02 kg/s/5 ) x 4180 J/kgK 



< 

Continued.. 
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PROBLEM 8.29 (Conr.) 



For X - 10, Re = 883 (laminar) 
From the Hau&en correlation 



0.0663 x (5/50) x S83 x 3.77 „ 
y.UT> - 3.66 + — — - 11.27 



1 +0.04|(5/50) x 883 x 3.77] 



h=1443W/iii 2 -K 



From Equation 8.42, 



= exp - — — — * 1443 W/m" 



1 90 - 30 I (0.02 kg/s/10) x 4180 J/kgK 



190 -T^ f 15.71 x l0" J m x 50 x 10 m u , ,,,, 1Tr ,_2 

lo 

or T Xil) = 5Q.3°C * 
We see that, if the flow is laminar in both orientations, the thermal response is the same. The 
average mean temperature is T m = (30°C + 50.3°C)/2 ss 40°C = 3 13 K . 

(b) ForN=5orlO, 

q = rhCj, AT m = 0.02 kg/s x 41 80 J/kg ■ K x (50.3 - 30)°C = 1 700 W 

An energy-' balance on the mold yields 



dT 



dt V^p^ (abc-Na£D-/4)p m c m 

1700W 



jj(0.1 x 0.05 x 0.O4) 3 m - 5 x 0.1 m x n ^ (5 x 10" 3 m)-/4 ) * 7800 kg/m 3 x 450 J/kg ■ K j 



At 

— = -2.54°C/s < 
dt 

COMMENTS : (1) Note the profound effect that proper evaluation of fluid properties has on the 
selection of the appropriate configuration. (2) The configuration involving N = 5 would be more 
difficult to fabricate than the N = 10 case, resulting in a more expensive mold with no associated 
thermal benefit. 
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PROBLEM S.fl 



KNOWN: Diameter and surface temperature often rubes in an ice bath. Inlet temperature and flcwrate 
per rube. Volume (V) of container and initial volume fraction f^. of ice. 

FIND: (a) Tube length required to achieve a prescribed air outlet temperature Tny, and time to 
completely melt the ice. (b) Effect of mass flowrate on T mi0 and suitable design and operating conditions. 

schematic: 



Ice bath 



= 10 m 3 , ^,= 0.8 



D = 0.05 m 



T = 0 °C 



■ W = 10 tubes 



T = 24 °C 



O.OOS ^ 0.05 kg/s 



ASSUMPTIONS: (1) Steady-state. (2) Ideal gas with negligible viscous dissipation and pressure 
variation, (3) Constant properties, (4) Fully developed flow throughout each tube. (5) Negligible tube 
wall thermal resistance. 

PROPERTIES: Table A.4, air (assume T m = 292 K): c p = 1007 J/kg-K, u = 180.6 x 1 0" 7 N-s/m 3 , k = 
0.0257 W/m-K,Pr = 0.709; Ice: p = 920 kg/m\ h if = 3.34 x 10 5 J/kg. 

ANALYSIS : (a) With Re; = 4 m/jtDu = 4(0.01 kg/s)/!t(0.05 m) 180.6 x 10" 7 N-s/m 2 = 14,100 for in 
0.01 kg's, the flow is turbulent, and from Eq. 8.60, 

Nud = Nu d = 0.023Re°, 8 Pr 03 = O.Q23(14,10G) 08 (0.709 ) 0J = 43.3 

h = Nud (k/D) = 43.3(0.0257 W/uv K/0.05m) = 22.2 w/ m 2 -K 
With T^o = 14°C, the tube length may be obtained from Eq. 8.41b, 

jr(0.05m)f22.2 w/m 2 k|l 



^s T mc , 



-14 
-24 



■ exp 



,TDLh 



= exp 



0.01 kg/s (1 007 J/kg K) 



< 



I_ = 1.56 m 

The time required to completely melt the ice may be obtained from an energy balance of the form, 
(-q)t = f V;1 V(>h sf ) 

where q= Nmc p (T^ - T m>0 ) = 10(0.01kg/s)1007J/kg-K(10K) = 1007W . Hence, 

O.sflOrn 3 }|920kg/m 3 )3.34xl0 5 J/kg 

t = 5 } - ' = 2.44xl0°s = 28.3 days 

1007 W 

(b) Using the appropriate IHT Correlations and Properties Tool Pads, the following results were obtained 

Continued... 



< 
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PROBLEM 8.30 (t out.) 



IT 




12 H — I — I — I — I — I — I — I — I — I — 

0 DJ01 n.03 0.03 DM DCS 

Mass fowate penube, rrcctlkffsl 

Although heat extraction from the air passing through each tube increases with increasing flowrate, the 
increase is not in proportion to the change in lii and the temperature difference (T^.t - T m .o) decreases. If 
0.05 kg's of air is routed through a single tube, die outlet temperature of T mi0 = lo\2°C slightly exceeds 
the desired value of 16 S C. The prescnbed value could be achieved by slightly increasing the tube length. 
However, in the interest of reducing pressure drop requirements, it would be better to operate at a lower 
flowrate per tube. If, for example, air is routed through four of the tubes at 0.01 kg/s per tube and the 
discharge is mixed with 0.01 kg/'s of the available air at 24 3 C, the desired result would be achieved. 

CO>D£E>TS: Since the flow is turbulent and LT) = 3 1. the assumption of fully developed flow 
throughout a tube is marginal and the foregoing analysis overestimates the discharge temperature. 
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PROBLEM 8.31 

KNOWN: Thermal conductivity and inner and outer diameters of plastic pipe. Volumetric flow rate and inlet 
and outlet temperatures of air flow through pipe. Convection coefficient and temperature cf water. 

FEND : Pipe length and fan power requirement. 

SCHEMATIC: 



h 0 = 1500W/m2-K 



D. =0.15 m 



= 0.025 mV& 




21 °C 



Plastic pipe 
k =0.15 WJm-K 



ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from air in vertical legs of pipe. (3) 
[deal gas with negligible viscous dissipation and pressure variation, (4) Smooth interior surface, (5) 
Constant properties. 

PROPERTIES: Table A-4, Air (Tau = 29°C): Pl = 1.1551cg/m 3 . Air (T m - 25°C) : c p = 1007 
J.'kgK, //= 183.6 x 10"' Ns/nf, k a = 0.0261 W/m-K, Pr = 0.707 
ANALYSIS: From Eq. (8.45a) 



esp 



T -T ■ 
where, from Eq. (3.32), 



v mc pJ 



CUA s )- 1 =R toc = r — 



1 ln(D 0 /Di) | 1_ 



2,tLL 



h 0 ,TD 0 L 



With rii= yujVj = 0.02 S9 kg.-' s and Rjejj = 4m/, tD^/ = 13.350, flow in the pipe is turbulent. Assuming 
fully developed flow throughout the pipe, and from Eq. (8.60), 



- k, 



hj = -3-0.023 ReJ, " Pr (13,350) (0.707) =7. 2GW..''aT K 



D, 



0.15m 



(UAJ- 1 



h(0.17/0.15) 



7.21 W/m 2 -Kxjrx 0.15m 2* x 0.15 W/m-K isoow/m 2 - Kxjj-x 0.17m , 



: 2.33 5 L W/K 



(0.294 + 0.133+0.001) 

T^-Tmo 17-21 ( 2,335 L ^ 

— = = 0.333 =exp =exp(-0.0S02L} 

T m - T m,i 17-29 \ 0.0289 kg % x 1 007 J / kg ■ K / 

In ("0.333") 

L = i i = 13.7m 

0.0802 

From Eqs. (8.22a) and (8. 22b) and with u m j = Vj / ( frDf / 4 ] = 1 .415 m / the fan power is 



, , ■ Pi "mi - 1.155kg 'm(l.415m. ; s)' 3 _.- 

P = (Ap)V ~f LV; = 0.0294 ■ — 13. 7m x 0.025m /s = 0.074 W < 

2D; 2(0 15m) 

where f = 0 . 3 1 6 Rep '' 4 = 0.0294 from Eq. (8 .2 0a) . 

COMMENTS: (1) With UDi = 91, the assumption of fully developed flow throughout the pipe is 
justified. (2) The fan power requirement is small, and the process is economical. (3) The resistance to 
heat transfer associated with convection at the outer surface is negligible. 
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PROBLEM 8.32 



KNOWN: Flow rare, inlet temperature and desired outlet temperature of water passing through a tube of 
prescribed diameter and surface temperature. 

FIND: (a) Required tube length, L. for prescribed conditions, (b) Required length using tube diameters 
over the range 30 < D < 50 mm with flow rates th = 1 , 2 and 3 kg/s; represent this design information 
graphically, and (c) Pressure gradient as a function of tube diameter for the three low rates assuming the 
tube wail is smooth. 

SCHEMATIC: 




C 



ASSUMPTIONS: (1) Steady- state conditions. (2) Incompressible liquid with negligible viscous 
dissipation. (3) Constant properties. 

PROPERTIES: Table A.6, Water { T m = 323 K): c P = 418 1 J/kg-K \i = 547 x 10* N-sv'ml k = 0.643 
W/m-K Pr = 3 56 

ANALYSIS: (a) From Eq. 8.6. the Reynolds number is 

4m 4x2ka/s <; 
Re D = — = ; H_ Ll6<l0 \ (1 ) 

xDfi j ( o.04 m ) 547 x 1 0 N • sfm 2 

Hence tlie flow is turbulent., and assuming fully developed conditions throughout the tube, it follows from 
the Dittus-Boelter correlation, Eq. S.60. 

h =—0.023 Ren " Pr = 0.023 1.16 *10 J 13.56 f A = 6919 w7ar K (2) 

D 0.04 m \ ' 

From Eq. 8.42a, we then obtam 

-mc p /n(AT 0 /AT- ) 2 kg/ S {4181J/kg ■ K)&(2S°C/V C ) 



7Dh n (0.04 m) 69 1 9 w/ m 2 ■ K 



= 10.6 in. 



(b) Using the IHT Correlations Tool, Interna! 
Flow, for fully developed Turbulent Flow, along 
with appropriate energy 7 balance and rate 
equations, the required length L as a function of 
flow rate is computed and plotted on the right. 



■■■ 




35 4D 45 53 
TLbe diameter, D (rrrr :i 



Row rate, moot = 1 k^'s 
rrtiot = 3 k^'s 



Continued.. 
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PROBLEM 8.32 (Cant.) 

(c) From Eq. 3.22a the pressure drop is 

Ax 2D W 
The friction factor, f, for the smooth surface condition, Eq. 8.21 with 3000 < Ken < 5 >: 10 ( \ is 

f = (0.790fn(Re D )-1.64)~ 2 (5) 



Using IHT with these equations and Eq. (1), the 
pressure gradient as a function of diameter for 
the selected flow rates is computed and plotted 
oil the right. 




43 50 
Tube diameter, □ (mm) 

— 9— Flow ra:e, mrta = 1 kg>5 

mdat = 2kgJ5 

— = — mdal = 3 kg.'s 

COMMENTS: (1) Since UD = (10.670.040) = 265, the assumption of fully developed conditions 
throughout is j usti fi ed. 

(2) The IHT Workspace used to generate the graphical results are shown below. 

It Rate Equation Tool - Tube Flow with Constant Surface Temperature: 
C For flow through a tjbe with a uniform wall temperature. Fig B.7b, the 
overs I energy balance and heal rate equations, are "/ 
q = nYdor*cp*(Tmo - Tmi) II Heat rate W: Eq 8.3^ 

(Ts - Tmo) / (Ts - Tmi) = exp ( - P * L * hDbar I (mdot * cp)) // Eq 6.4 1b 

it where trie fluid and constant tu tie wall temperatuies are 

Ts = 1 aa 273 II Tube wall temperature , K 

Tmi = 25 -1-273 // Inlet mean flu id temperature, K 

Tmo = 75 + 273 // Outlet mean fluid temperature. K 

II The tube parameters are 

P = pi * D It Perimeter, m 

Ac = pi * (D*2) I 4// Cross, sectional area, nV2 

□ = 1040 II Tube diameter, m 

□_mm = d * id:: 

II The tube mass flow rate and fluid ttiermophysica properties are 
mdot = rho * urn * Ac 

mdot = 1 II Mass flow rate, kg/s 

//Correlation Tool - Internal Flow. Fully Developed Turbulent Flow (Assumed): 
NuDbar = NuD_bar_l F_T_FD( ReD, Pr,n) // Eq S.60 
n = 0.4 Hn = 0.4 or 0.3 for Ts>Tm or Ts«Tm 
NuDbar = hDbar *Dfk 
ReD = urn * D / nu 

I* Evaluate properties at the fluid average mean temperature, Tmbar. *l 
Tmbar = THuid_avg (Tmi.Tmo) 

// Properties Tool - Water: 

// Water pnoaerty functions :T dependence. From Table A.S 
// Units: T(K), p(bars); 

x = 0 // Quality (0=sat liquid or 1 =sat uapor) 

rho = rho_T:«'Water",Tmbar.xj // Density, kgrm^i 

cp = ep_TxrWa1»r" ,Tmbar,K) C-pecrc I" eat. -.■'kg < 

nu = nu_Txl'Water".Tmbar.x} It Kinematic viscosity, m*2/s 

k = k_TxrWater",Tmbar,x) //Thermal conductivity, UVfm-K 

Pr = Pr_Tx("'JVater",Tnibar.x) // Prandtl number 

// Pressure Gradient, Equations 8,21, 8.22a: 
dPdx = f l rho*urn*2r(2*D) 
f = i 0.790 ' In (ReD}- 1.64 ) * -2 
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PROBLEM S .33 

KNOWN: Diameters and thermal conductivity of steel pipe. Temperature and velocity of water flow 
in pipe. Temperature and velocity of air in cross flow over pipe. Cost of producing hot water. 

FES'D : Daily cost of heat loss per unit length of pipe. 

SCHEMATIC: 



I, -5 :, C 

V = 3 m/s 




{Vtote?? T m = 50<>C, u m = 0.5 m/s 



Steel pipe 

- "X -nr 
D - £1-1 mm 



Rcnvw Rend R<rv,s 



ASSUMPTIONS: (1) Steady state. (2) Constant properties. (3) Negligible radiation from outer 
surface. (4) Fully-developed flow in pipe. 

PROPERTIES: Table A-4, air (p = 1 atm, Tf* 300K): k a = 0.0263 W/'m-K, v a = 15.89 x 10" 6 nws, 
Pr a = 0.707. Table A-6, water (T m = 323 K): p w = 9£& kg/m"\ u w = 548 x lO^N-s/m", k v ,. = 0.643 
W/'m-K, Pr w = 3.56. 

ANALYSIS: The heat loss per unit length of pipe is 

q' 



^m T x 



T -T 



Rcnv.w + Rcnd+Rcnv.a ( hw ^ D j ^ + 



L ln(D 0 /Di) _ .-i 

' i; + |h a ffD 0 ) 



2,Tk 



P 



With Rejj w = /> w u m D; / ft^ = 9S8 kg / m 3 > 0.5 m.'s x 0.084m/ 548x10 & N ■ 5. • in z = 75, TOO, flow is 
turbulent, and for fully developed conditions, the Dittus-Boelter correlation yields 



h w = -*- 0.023 Re_ 



Pr£ J = 0.023- 



0.0S4m 



-(75,700) (3.56) =2060 Wfnf -K 



With Rbd g = VD 0 /V a = 3 ni / s x ( 0 . lm ) y 1 5 .89 x 1 0 & m 2 ■ s. = 1 S, S SO : the Churchill-Bernstein 
correlation yields 

i4/5 

0.62Re^tPri'' J fRe^Y' 0 

0.3 + 



h a =h: 



D, 



,2 5 



1/4 



Hence. 



50 a C-(-5°C) 



1- 



D.w 



282,000 



20.1W7m z -K 



-,-3' 



: 342 W./ m = 0.342 kW/'m 



K W 



^l.S4xlO -3 + 0.46 k 10~ 3 +158.36 10" 

The daily energy loss is then Q' = 0 346kW/mx24h, d = S.22kW h d m 

and the associated cost is C = ( 8.22 kW ■ h / d ■ m) (S0.05 /kW - h) = $0.41 1 / m d < 
COMMENTS: Because Rj av a » R CDV w , the convection resistance for tlie water side of the pipe 
could have been neglected with negligible error. The implication is that the temperature of the pipe's 
inner surface closely approximates that of the water. If Rj, nv w is neglected, the heat loss is 

q' = 346W/m. 
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PROBLEM 8.34 



KNOWN : Inner and outer diameter of a steel pipe insulated on the outside and experiencing 
uniform heat generation. Flow rate and inlet temperature of water flowing through the pipe. 



FIND: 



5 ipe length required to achieve desired outlet temperature, (b) Location and value 



of maximum pipe temperature. 
SCHEMATIC: 



-rh-O.lkgfa 



-ripe ma 



/ t!) til) l / 1 fl I) I f jff f w n 7 f r r r / n r 



JL 



ASSUMPTIONS: (1) Steady- state conditions, (2) Constant properties, (3) Incompressible 
liquid with negligible viscous dissipation, (4) One -dimensional radial conduction in pipe wall, 
(5) Outer surface is adiabatic. 

PROPERFIES: Table A-L Stainless steel 316 (T * 400K): k= 15 W/m-K; Table A-6, 
Water (T m = 303K) : c p = 4178 J/kg-K, k = 0.617 W/m-K, \i = 803 x lO^N s/m 2 , Pr = 5.45. 

ANALYSIS: (a) Performing an energy balance for a control volume about the inner tube, it 
follows that 



m 



cp(T m ,o-Vi) = q = q(^) (d^-d^)l 



m c, 



,(T„ 



.) 



(0.1kg/s)417S(J/kg-K)20°C 



q ( T>1 - j 1 [} e W/in 3 (3-/4) (0.04m) 2 - (0.02m) : 



L = 8.87m. < 

(b) Fhe maximum wall temperature exists at the pipe exit (x = LJ and the insulated surface (r 
= r 0 ). From Eq. 3.51, the radial temperature distribution m the wall is of the form 

T(r) = -— r 2 + C^n r + C 2 , 
4k 



Considering the boundary conditions 



dr -w 0 



2k r n 



Cl = 



2k 



Continued 
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PROBLEM 8.34 (Cont.) 



1 u 5 4k 1 2k J 4k 1 2k 

The temperature distribution and the maximum wall temperature (r = r 0 ) are 

T (0 = -^ 2 -r 2 W^n- + X 
' ' 4k '■■ 1 2k n S 



^.m S x = T(r 0 )=-^-fr 2 -r^ + ^tn ^+T S 

where T^ the inner surface temperature of the wall at the exit, follows from 
q(j«4) (D 2 -D 2 )L_q(D 2 -D 2 j 



4D, 



= h ( T s- T m,o) 



where h is the local convection coefficient at the exit. With 
4 m 4x0.1 kg/s 



Re D = 



zDiti ;T (O.O2m)803xlQ" e N-s/ni 2 



-= 7928 



the flow is turbulent and, with (L/Dj) = (8.87 m/0.02in) = 444 » (xft/'D) * 10, it is also fully 
developed. Hence, from the Gmelinski correlation, Eq. S.62, 



(f/8)(Re D -1000)Pr 



l + 12.7(f/8) 1/2 (Pr 2/3 -l) 



0.617 W/m ■ K 



0.02 in 



(0.0336 1S)(792S- 1000)5.45 
1 - 12.7(0.033618) L, '' 2 (5.45 2/3 - 1) 



1796 W/m" -K 



where from Eq. 8.21, f= (0.790 lnReD-1.64)" i= 0.0336. Hence, the inner surface 
temperature of the wall at the exit is 



Ts=- 



4hD! 



10 6 W/m 3 ^(0 04m) 3 -(0.02m) 2 



and 



1 iv. max ■ 



10 6 W/m 3 
4x15 W/m K 



4x1796 W/m 2 K(0.02m) 
|^(0.02m) 2 -(0.01m) 2 j 



+ 40°C = 4S.4 C C 



10 6 W/m 3 (0.02m 2 0 02 ^ 

i —in— +48.4 3 C = 52.6 C C. < 

2x15 W/m K 0 01 

COMMENTS: The physical situation corresponds to a uniform surface heat flux, and T m 

increases linearly with x. In the fully developed region, T s also increases linearly with x. 



T + 
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PROBLEM 8.35 



KNOWN: Dimensions and thermal conductivity of concrete duct. Convection conditions of ambient 
air. How rate and inlet Temperature of water flow through duct. 

FES'D: (a) Outlet temperature, (b) Pressure drop and pump power requirement, (c) Effect of flow rate 
and pipe diameter on outlet temperature. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, (2) Fully developed flow throughout duct, (3) Negligible pipe 
wall conduction resistance, (4)Water is incompressible liquid with negligible viscous dissipation, (5) 
Constant properties. 

PROPERTIES: Table A-6, water (T m = 360 K ) : p = 967 kg / in 3 , c„ = 4203 J /kg ■ K : p. = 324 x lO - * 5 



ANALYSIS: (a) Hie outlet temperature is given by 

IWo = + {l mA - To. ) exp(-UA/ mc p ] 

where 

UA = ( R mt ) = ( R cnv _ w - R C1K J 4- R cnV; 3 J 
From Table 4.1, Case 6, 

ln(1.0 8 w/D) = ln ( 1.0S,0.30m/0.15n 1 ) =8 7 ^ io ^ R/w 
2/TkL 2;r(L4W/m-K)100m 

R cnv.a = ( 4 w L h } _1 = f 4 * 03m * 100m x 25 w / m 2 - K ) 1 = 3.33 x 1 O^K / W 
With Re D = 4 m / n D u = (4 x 2 kg / s) / |ff x 0. 1 5m x 32.4 x lCf^N - s / m 2 j = 52, 400, 

- fci V 4/5 03 0.674 W,' m-Kx 0.023 , ,4/5, .nj 1 

h... =hr H = -=-0.023 Rjeri - Pr = (52.400 I (2.02 I = 761 W.- an" ■ K 

D 0.15m 

^ v 1 ( .„„ 3 



R mvw = (jrDLh w ) =[7rx0.15mxl00mx761W/m- K| = 2.79x10 5 K/W 
UA = ^2.79x10 -5 - 8.75 x10" 4 + 3.33x10^ jK/W 



-L 

= 809W/K 



T mo = 0°C - 90 3 C exp ■ 



809 W/K 



2kg/sx4203J/kg-K 



= 81.7°C < 
Continued 
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PROBLEM 8.35 (Cant.) 

(b) With f = 0.0206 from Fig. S.3 and u m = in / pxD 2 ■ 4 = 0.1 1 7 m / 

nul, 967kg,'m 3 (0.117m/s) 2 . • _ 4 f , 

Ap = f^—^-L = 0.0206 ' i-100m = 91 X.'m" =9.1x10 4 bars < 

2D 2x0. 15m 

—3 3 

With V = ml p = 2.07 x 10 in / \ the pump power requirement is 

P = ApV = f 91 N / in 2 ] 2.07x1 O -3 in 3 / s = 0. 19 W < 

(c) The effects of varying the flowrate and duct diameter were assessed using the EOT software, and 
results are shown below. 




M3.ee now rate. mcotiKg.s; DuctdianiE'IEr.D(iii) 

Although R^j.. n .. and hence E. rot , decreases with increasing m , tliereby increasing UA, the effect is 

significantly less than that of in to the first power, causing the exponential term, exp | -UA / idi Cp j , to 

approach unity and 0 to approach T m ^ . Hie effect can alternatively be attributed to a reduction in 

the residence time of the water in the pipe (u^ increases with increasing m for Fixed D). With 
increasing D for fixed in and w, T m 0 decreases due to an increase in the residence time, as well as a 

reduction in the conduction resistance, R CI1( i. 

COMMENTS: (1) Use of T m = 360 K to evaluate properties of the water for Parts (a) and (b) is 
reasonable, and iteration is not necessary. (2) The pressure drop and pump power requirement axe 
small 
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PROBLEM 8.36 

KNOWN': Water flow through a thick- walled tube immersed m a well stirred, hot reaction tank 
maintained at 85°C; conduction thermal resistance of the tube wall based upon the inner surface area is 

Rc d = 0.002 m 2 K/W. 

FES'D : (a) The outlet temperature of the process fluid, T^i assume, and then justify, fully developed 

flow and thermal conditions within the tube; and (b) Do you expect T m . 0 to increase or decrease if the 
combined thermal entry condition exists within the tube? Estimate the outlet temperature of the 
process fluid fortius condition. 

SCHEMATIC: 



R'tdi = 0.002 m^-K/W 



m = 33 kg/h 
T rn :=20°C 




Thick-walled tube, D 



ASSUMPTIONS: (1) Flow is fully developed, part (a), (2) Constant properties, (3 'incompressible 
liquid with negligible viscous dissipation, and (4) Constant wall temperature heating. 

PROPERTIES: Table A-6. Water (T m = (T m 0 + T m J)!2 = 315 K): c p = 41 79 J.'kg-K, u = 6.3 1 :< 

10 4 N-s/m 2 , k = 0.534 W/m-K. Pr =4. 1 6; (T, = 35S K): ,u s = 3.3 16 x 10" 4 N-s/m 2 . 

ANALYSIS: (a) The outlet temperature is determined from the rate equation, Eq. 8.45a. written as 



T s -T, 



m.o 



X -T, 



expi 



UA t 



m.i v mc p 

where the overall coefficient, based upon the inner surface area of the tube is expressed in terms of the 
convection and conduction thermal resistances, 

= = ^ R cd,, P) 

L h 

To estimate h. begin by characterizing the flow 

Rejj = 4m/ffD/J (3) 

Re D = 4( 3 3 / 3600 kg / s ) / jt x 0.012 m x 6.3 1 x lO" 4 ^ ■ s / m 2 = 1 540 

Consider the flow as laminar, and assuming fully developed conditions, estimate h with the 
correlation of Eq. 8.55, 

Nu D =h~D/k = 3.66 (4) 

h = 3.66 x 0.634 W / m ■ K / 0.0 12 m = 1 93 W / m 2 - K 
From Eq. (2), 

1-1 



1/193 W / m 2 ■ K + 0.002 m 2 -K/w] ' =1 39 W / m 2 ■ K 



and from Eq. (1), with A^ = 71DL. calculate T^ 



Continued 
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PROBLEM 8.36 (Cont.) 



85-T, 



m.c 



85-20 



= exp 



139 W/ m~ ■ K <7? < 0.012 m < 8 m 
3 3 /3600 kg/ 5* 4 179 J/kg-K 



V 0 = 63°C 



Fully developed flow and thermal conditions are justified if the tube length is much greater than the 
fully developed length Xf^. FromEq. 8.57, 



tfd.t 
D 



= 0.05 Re D Pr 



x-f^t =0.012 mx 0.05x1 540x41. 6 =3. 84 m 

That is, the length is only twice that required to reach fully developed conditions. 

(b) Considering combined entry 7 length conditions, estimate the convection coefficient using the 
Sieder-Tate correlation, Eq. S.57. 

,0.14 

(5) 



I L/D J Ite) 



substituting numerical values, find 

h = 229 W/m 2 -K 

which is a 19% increase over the fully developed analysis result. Using the foregoing relations, find 



Nu D = 4.33 



U = 157 W/rn^ K 



T m „=66.PC 



COMMENTS: (1) The thermophysical properties for the fully developed correlation should be 



evaluated at the mean fluid temperature T m '- 
assumed value of 3 15 K. 



T m j)/2 = 3 1 6 K. This is very close to the 



(2) For the Sieder-Tate correlation, the properties are also evaluated at T m . except for m, which is 
evaluated at T s . 

(3) For this case where the tube length is about twice x.?± t , the average heat transfer coefficient is 
larger as we would expect. 
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PROBLEM 8.37 



KNOWN: Floiv rate and temperature of atmospheric air entering a duct of prescribed diameter, length 
and surface temperature. 

F1XD: (a) Air outlet temperature and duct heat loss for the prescribed conditions and (b) Calculate and 
plot q and ip for the range of diameters, 0.1 < D < 0.2 m, maintaining the total surface area, As = ttDL. at 
the same value as part (a). Explain the trade off between the heat transfer rate and pressure drop. 

SCHEMATIC: 



D = 0.15 m 



m = 0.04 kg/s 




p = 1 atm 

ASSUMPTIONS: (1) Steady-state conditions. (2) Constant properties, (3)Idealgas with negligible 
viscous dissipation and pressure variation. (4) Uniform surface temperature, (5) Fully developed flow 
conditions. 

PROPERTIES: Table A.4, An (T m * 310 K, 1 atm): p = 1.128 kg'm\ c P = 1007 J/kg-K n = 189 x 10"' 
Ns/m\ k = 0.027 W/m-K Pr = 0.706. 

4x0.04 kg/s 



ANALYSIS: (a) With 
4m 

Re D = 



nDfi , T (0.15m)189xlO 7 N-s/m 2 



= 17.965 



the flow is turbulent. Assuming fully developed conditions throughout the tube, it follows from the 
Dittus-Boelter correlation, Eq. 8.60, that 

h = io.023Re^ Pr 04 =^I^LEJL 0 .tt23(l7.!W5 ) 4 ' > 706 )° J = 9.44 w/m 2 ■ K . 



D 



0.15m 



Hence, from the energy balance relation. Eq. S.41b. 



^m,o _ "^s l.^s T nlj jjexp 



,7DL - 



T m.o = 15°C + 45 ; Cesp 



,t(0. 1 5 m) 1 0 in ( 9 .44 w/ m 2 - K| ' 
0.04 kg/s (1007 J/kg-K) 



= 29.9 C C 



From the overall energy balance, Eq. 8.34. it follows that 

q = mcp (T^ - Tj^j )= 0.04 kg/s x 1007 J/kg-K (29.9- 60 )°C = -1212 W. 
From Eq. 8.22a, the pressure drop is 

Ap = f^L 

2D 



Continued.. 
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PROBLEM 8.37 (Cent.) 

and for the smooth surface conditions, Eq. 8.21 can be used to evaluate the friction factor, 

f = (0. 790 In (Re D ) - 1 .64)~ 2 = (0.790 In (1 7, 965) - 1 .64)~ 2 = 0.0269 

Hence, the pressure drop is 

1.128kg/m 3 (2.0rn/s) 2 / 3 

t ~i \_ L_^ !<1 o m = 4.03N/m i 



Ap= 0.0269- 



2 x 0.15 m 



where 1^= rh/pA c = 0.04kg/s^l .12£kg/m 3 x[,=r0.15 2 m 2 /*) = 2.0m/s . 

(b) For the prescribed conditions of part (a), A = rrDL = rr(0. 15 in) x 10 m = 4.71 2 nv, using the IHT 
Correlations Toot. Interna] Flaw for fully developed Turbulent Flow along with the energy balance 
equation rate equation and pressure drop equations used above, the heat rate q and Ap are calculated and 
plotted below. 



* 



■X 1; '53 175 200 
~~ube c 3me:er, D (mm) 




100 125 150 175 
Tube diarreter. □ (mm) 



From above, as D increases. L decreases so that 
A; remains unchanged. The decrease in heat 
rate with increasing diameter is nearly linear, 
while the pressure drop decreases markedly. 
This is the trade off: increased heat rate requires 
a more significant increase in pressure drop, and 
hence fan blower power requirements. 



ube c ame:er, D Stiti) 

COMMENTS: (1) To check the calculations, compute q fromEq. 8.43, where AT/ m is given by Eq. 
8.44. It follows that AT^ m = -27 . 1°C and q = - 1 206 W. The small difference in results may be attributed 
to round-off error. 

(2) For part (a), a slight improvement in accuracy may be obtamed by evaluating the properties at T m = 
3 1 S X: h = 9.42 W/nr-K, T M = 303 K = 30 3 Q q = - 121 1 W, f = 0.027 1 and Ap = 4.20 N.'m 2 . 




0.5 



n -| — I — | — I — | — I — | — I — | — I — 

100 120 110 160 1BC 200 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM SJS 

KNOWN: Inlet temperature, pressure and flow rare of air. Tube diameter and length. Pressure of 
saturated steam. 

FEND : Outlet temperature and pressure of air. Mass rate of steam condensation. 
SCHEMATIC: 



p = 2.455 bar C_ steamy J 

m e =0.03 kg/s 
T mJ = 17«C 
Pi = 5 atm 



-f> T m,o 

Pti 



: 



L = 5 m 



V///M ■ ■ ■ 

sj 



ASSUMPTIONS: (1) Steady- state. (2) Outer surface of aimulus is adiabaric. (3)Ideal gas with 
negligible viscous dissipation and pressure variation, (4) Fully-developed flow throughout the tube, 
(5) Smooth tube surface. (6) Constant properties. 

PROPERTIES: Table A-4, air (T m ~ 325 K, p = 5 atm) : p = 5 * >? ( 1 atm) = 5.391kg/ m 3 , 

c p = 1008 J/ kg -K, /j = 196.4xlD~ 7 M<i/m 2 , k = 0.0281 W . m ■ K. Pr =0.703. Table AS, sat. steam (p 

= 2.455 bars): T & = 400 K, = 2183 kJ/kg. 

ANALYSIS: With a uniform surface temperature, the air outlet temperature is 



T rrLO = T s.~( T i~ T m,i) es P 



■ 



With Re D =4m/3-D 1 ^ = 0.12kg/s/?r(0.05m)196.4xl0 7 kg/s - m = 38,980, the flow is 
turbulent, and the Dittus-Boelter correlation yields 



5:1 



0.023 Re 



4/5 0 4 l 0.02S1 W .■' ni- K \ ji^ , ^0 4 > 

n - Pr = 0.023(38.9801 (0.703 I = 52. S W.'m K 

V 0.05m / 



■' 



T n L O = 127 o C-(110 o C)exp 



n x 0.05m x 5m x 52.8 W/m z -K 
0.03 kg /sx 1008 J/ kg -K 



: 99°C 



The pressure drop is Ap = f I pa^ m I 2 ^L. where, with A c = jt .'4 = 1 .963 x 10 J m" . 

u m =di/jdA c = 2.S3m/s, and with Re D =38.980, Fig. 8.3 yields fa 0.022. Hence, 

-i (2.83m/ s)^ 5m ■> a 

Ap * 0.022 x 5 .391k 5 / tn - = 47.5 N / m 2 = 4.7 x 1 0 4 atm 

2 x 0.05m 

The rate of heat transfer to the air is 

q = m c p ( T m>0 - T m>1 ) = 0.03kg /s x 1008 J / kg K{82°C) = 2480 W 
and the rate of condensation is then 



24 SOW 



hfg 2.183*10 6 J/kg 



= 1.14x10 J kg/s 



COMMENTS: (1) With T m = (T m t + T m 0 )/ 2 = 33 IK, the initial estimate of 325 K is reasonable 
and iteration is not necessary. (2) For a steam flow rate of 0.01 kg/s, approximately 10% of the 
outflow would be in the form of saturated liquid, (3) With LT>i = 100, it is reasonable to assume fully 
developed flow throughout the tube. 
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PROBLEM 8.19 



KNOWN: Duct diameter and length. Thermal conductivity of insulation. Gas inlet temperature and 
velocity and minimum allowable outlet temperature. Temperature and velocity of air in cross flow. 

FEND : Minimum allowable insulation thickness. 

SCHEMATIC: 




ASSUMPTIONS : (l)Combustion gases are ideal with negligible viscous dissipation and pressure 
variation. (2) Fully developed flow throughout duct. (3) Negligible duct wall conduction resistance, 
(4) Negligible effect of insulation thickness on outer convection coefficient and thermal resistance, (5) 
Properties of gas maybe approximated as those of air. 

PROPERTIES: Tabic A-4, air (p= 1 atm). T mi = 1600K: = 0.218 kg/m"). = CVi +T^ o y2 

= 1500K: (p= 0.232 kg/in, c p = 1230 J/kg-K //= 557 x 10" 7 N-s/m 2 , k = 0.100 W/m-K Pt = 0.685). 

Tf a 300K (assumed): v= 15.89 x 10" 6 rnVs, k = 0.0263 W/m-K, Pr = 0.707. 

ANALYSIS: From Eqs. (8.45a] and (3.19), 

1x-T m . 0 -1150K ' VAA [ 1 

- = U.S02 = exp — - — - =expi 



-T uu -1350K 



\ R tot iiic p 



Hence, with rii = (pu^A,,); = 0.218 kg . hi 3 x 10 m/ sx a (lm) 2 .'4 = 1.712 kg/ s, 

R tot = -[mc p In (0.852 = -[l.712kg/sxl230J/kg-:£x(-0.160)]~ 1 = 2.96xlO~ 3 K/W 
Tlie total thermal resistance is 

R tot = R conv,i + S-cond. ins + R conv. o = ( V tD i L ) 1 + ' ° ^ + ( h 0 /TD 0 L } 1 ( 1 ) 

With Ee n j = 4m .■' jrDj/i = (4xl 712kg/s)/(ir x 1m x 557 x It) - '' N - s .■' m 2 J = 39, 1 30, the Dittus-Boelter 
correlation yields 

h 1 = — j0.023R.ep J Pr = 0.023(39.130) (0.685) = 9.69 W/m-K 

V.D/ " \ lm J 

The internal resistance is then 

R couv,i = Oi^L) -1 = W / m 2 Kx*rx]mxl 00m] 1 = 3 .28 x 1 0^ K ! W 

With Reo = VDi/V= 15 m/s x lm/15.89 x 1Q~ 6 m"/s = 9.44 x 10", the Churchill-Bernstein correlation 
yields 

Continued 
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PROBLEM 8.3SCU 



1/2 -1/3 



/"kM 0.62 Re^ Pr 

ID 



|^i-i :) i.'Pri 



2/3I 



1/4 



J 



\ 282, 000 J 



5/ 8 



4/5 



= 30.9W/m z -K 



R conv,o * (to^ D i L ) 1= (30.9W/m 2 Kx jxlmxlOOmJ =1.03xIO" 4 K/W 
Hence, frotnEq. (1) 



23" k;, 



^ = ^2.96x10 3 -3.33x10^ -1. 03 k10 _4 ]K/W = 2.53k 10 3 K/W 



1.22m 



D 0 = D t exp (2^-k^L x 2.53 x 1 0 3 K / W J = lmx exp ( 1 .59 x 10 ~ K / W x 0.1 25 W in - K x 100m) = 

Heuce, the minimum insulation thickness ii 

tmm = (D 0 -Di)/2 = 0.11m < 

COMMENTS: WithDfj = 1.22ni use of = lmto evaluate the outer convection coefficient and 
thermal resistance is a reasonable approximation. However, improved accuracy may be obtained by 
using the calculated value of Do to determine conditions at the outer surface and iterating on the 
solution. 
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PROBLEM 8.40 

KNOM7V: Flow rate, unlet temperature and desired outlet temperature of liquid mercury flowing 
through a tube of prescribed diameter and surface temperature. 

FEND: Required tube length and error associated with use of a correlation for moderate to large Pr 
fluids. 

SCHEMATIC: 



Mercury 
m -0,5kg, 




T m y-^OOK ^^'U^^T V=0.05m 



ASSUMPTIONS: (L) Steady- state conditions. (2) Constant properties. ©Incompressible liquid with 
negligible viscous dissipation, (4) Fully developed flow. 

PROPERTIES: Table A-S, Mercury (T m = 350K): c p = 137.7 J/tg-K, u = 0.1309 x 10" 2 N s/m 2 : k 
= 9.18 W/m K, Pr = 0.0196. 

ANALYSIS: The Reynolds and Pec let numbers are 

Re D = = 4x0.3 kg/s j = 9727 

/T (0.05m)0.1309xl0 ~NVm Z 

Pe D = Re D Pr = 9727 (0.01 96) = 19 L. 
Hence, assuming fully developed turbulent flow throughout the tube, it follows from Eq. £.65 that 

h=ii(s.0 + Q.025Pe^ E U^^ 

D'. " i 0.05 m \ t 

From Eq. 8.41a. it follows tliat 

L = -^fn^ = - (° j ^H37.7^K ^450-400^^ 
xDh ATi ,t(0.05 m)1224 W/m -K 4^0-300 

If the Dittus-Boelter correlation Eq. E.6Q, is used m place of Eq. S.o>. 

h =^0.023 Re*' 5 Pr 0 " 4 = ^p^^0.023(9727) 4/5 (0.01 96 ) 04 = 1358 W/m 2 -K 

and the required tube length is 

T ™^p f AT 0 (0.5 kg/ s ) 13 7.7 J/kg-K 450-400 ... < _ 
L = - = £n — ¥-=-— (n = 0.33 m. < 

;rDh ATj ar(0.05 m)1358 W/m K 450-300 

COMMENTS: (1) Such good agreement between results does not occur in general. For example, if 

4 — 

Rerj = 2x10. h = 1453 from Eq. 8.66 and 2417 from Eq. 8. SO. Large errors are usually associated 
with using conventional (moderate to large Pr) correlations with liquid nuetals. (2) The Dittus-Boelter 
correlation is recommended for Rec > 1 0.000, which is not quite satisfied here. 
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PROBLEM 8.41 



KNOWN: Surface temperature and diameter of a tube. Velocity and temperature of air in 
cross flow. Velocity and temperature of air in fully developed internal flow. 



%=100°C 



FIND: Convection heat flux associated with the external and internal flows 
SCHEMATIC: 




D=0.Q5m 



ASSl MPTIONS: (1) Steady-state conditions. (2) Uniform cylinder surface temperature. (3) 
Fully developed internal flow, (4) For internal flow, air is an ideal gas with negligible viscous 
dissipation and pressure variations. 

PROPERTIES: Table A-4, Air (336 K): v = 19.51 x \^ mVs, k = 0.0290 W/m-K, Pr = 
0.702. 

ANAL VSIS: For the exte ? •n at and in ternal flows, 

ReD= yD = Ujn D = 30m/s,a05m =76 ^ lo4 
v v 19.71 xlO^m 2 /* 



From the Churchill-Bernstein relation for the external flow. 



Nud =0.3+- 



nl/4 



:0.3 + 



[l+(0.4/Pr) 2/3 J 
0.62(7.69 xl0 4 ) 1/2 0.702 iy3 



[ 2 82, 000 ) 



4/5 



[l + (0.4/0.702) 2/3 ] 1/4 



1 + 



7.69 <1(T 

282,000 



5/8 



4/5 



= 180 



Hence, the convection coefficient and heat flux are 
h 



k— 0.0290 W/m K tBn , rtJ 2. 

— T\ud = * l£0 = 104 W/m" -K 

D 0.05 m 



q" = h ( T s - T M ) = 1 04 W/m 2 - K (l 00 - 25)" C = 7S40 W/m 2 . < 
Using the Dittus-Boelter correlation. Eq. 8.60, for the internal flow, which is turbulent, 



4/5 



Nud =0.023 Re* 3 Pr 0 " 4 = 0.023(7.69xl0 4 J (0.702 ) U 4 = 162 

r k— 0.0290 W/m -K _ . , 3 „ 

h =— Nud = x 162 = 94 W.'uT -K 

D 0.05 m 



Continued. 
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PROBLEM 8.41 (Cont.) 

and the heat flux is 

q" = h ( T s - T m ) = 94 W/m 2 ■ K (1 00 - 25)° C = 7040 W/m 2 . < 
COMMENT: Convection effects associated with the two flow conditions are comparable. 
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PROBLEM 8.42 

KNOWN: Diameter, length and surface temperature of condenser tubes. Water velocity' and inlet 
temperature. 

FIND: (a) Water outlet temperature evaluating properties at T m = 3Q0 K, (b) Repeat calculations using 
properties evaluated at the appropriate temperature. T m = (T m ., - T^. a ).'2 7 and (c) Coolant mean velocities 
for the range 4 < L < 7 m which provide the same T^j, as found in part (b). 
SCHEMATIC: 

I- L = 5 m *J 



V = 29 ° K * +| 

u m = 1 m/s 



D = 0.0254 m \ — 7 = 350 K 



ASSUMPTIONS: (1) Negligible tube wall conduction resistance, (2) Incompressible liquid with 
negligible viscous dissipation. 

PROPERTIES: Table A.6, Water (T m = 300 K): p = 997 kgW, c p = 4179 J/kg-K, ,li = 855 x 10" 5 
kg/s in k = 0.613 W/m-K, Pr = 5.83. 

ANALYSIS : (a) From Equation 8.41b 

T m,o = T s - (. T s - T m,i J ex P [- l/TDL/ mc p ) h] . 
and evaluating properties at T m = 300 K. find 

Rc - gimg _ 997kg/m 3 (lm/ 5 )0.0254m _^ ^ 
M 855 xlO -6 kg/s m 

Tlie flow is turbulent, and since L/D = 197., it is reasonable to assume fully developed flow throughout the 
tube. Hence, h =t hja. From the Dittus-Boelter equation. 

Nu D =0.023 Re^' 5 Pr 0 4 =0.023 (29,61 8) 4/ 5 (5.83 )°- 4 = 176 
h=Nu D (k/D) = 176(0.613 W/m - K/0 0254 m) = 4248 w/m 2 - K . 

With 

m= /7u m |^D 2 /4j = (^/4)997kg/ni 3 (lin/s) (0.0254m) 2 =0.505 kg/s . 
Equation S.42.b yields 



T mo =350K-(60K)exp 



k (0.0254m)5m^4248 w/ m 2 ■ K ) 



0 505 kg/s (4179 J/kg K) 



= 323K = 50 D C 



(b) Using the IHT Correlations Too!, Internal F/on\ for fully developed Turbulent Flew, along with the 
energy balance and rate equations above, the calculation of part [a) is repeated with T m = (Tnj + T^o).'^ 
giving these results: 

T m = 307.3 K Tnu, = 5 L7°C = 324.7 K < 

(c) Using the IHT model developed for the part (b) analysis, the coolant mean velocity, u^, as a function 
of tube length L with T^o = 51.7°C is calculated and the results plotted below. 

Continued.. 
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PROBLEM 8.42 (Ccut.) 




o -\ 1 1 1 1 1 

Tube length, L :mj 



CCttEUEXTS: (L) Using T m = 300 K vs. T m = (T ni + = 307 K for this application resulted in 

a difference of T m _ B = 50°C vs.Tny, = 51.7 D C. While the difference is only 1 .7°C. it is good practice to use 
the proper value for T m . 

(2) Note that Ux must be increased markedly with increasing length in order that remain fixed. 
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PROBLEM 8.43 

KNOWN: Gas turbine vane approximated as a tube of prescribed diameter and length maintained at a 
known surface temperature. Air inlet temperature and flowrate. 

FIND: (a) Outlet temperature of the air coolant for the prescribed conditions and (b) Compute and plot 
the air outlet temperature J mfi as a function of flow rate, 0. 1 < lii < 0.6 kg'li. Compare this result with 
those for vanes having passage diameters of 2 and 4 mm. 

SCHEMATIC: 




S3 



T s = 650 °C, P = 3 mm 



^2 



= 427 °C 



■ L = 75 mm 



Air coolanl 

ASSUMPTIONS: (1) Steady- state conditions. (2) Ideal gas with negligible viscous dissipation and 
pressure variation. 

PROPERTIES: Table A.4, Air (assume T m = 780 K, 1 aim): c P = 1094 J.'kg-K k = 0.0563 W/m-K, y\ = 
363.7 x 10" 7 N-s/m 2 , Pr = 0.706; (T E = 650°C = 923 K, 1 aim): u = 404.2 x 10 7 N-s/m 2 . 

ANALYSIS: (a) For constant wall temperature heating, fromEq. S.41b, 



T -T 
L i> '111,0 

T -T ■ 
's 1 m,i 



[ PLL 

expi — 

tin: 



P 



where P = ttD. For flow in a circular passage, 

4rn 4^0. lSkg/h (1/3 600 s/h) 



Re D 



= 584. 



(1) 



CD 



,T(0.003m)363.7xlO 7 N-s/m 2 
The flow is laminar, and since L/D = 75 ram3 mm =25, the Sieder-Tate correlation including combined 
entry length yields 



Nuq = — — ■ 
k 



= 1.86 



/ Re D Pr 
L/D 



a/3 



— 



,0.14 



(3) 



- 0.0563 W/m-K, 

h = ; 1 .86 

0.003 m ' 

Hence, the air outlet temperature is 



584x0.706 
25 



■..1/ 3 



363.7x10" 



^,0.14 



404.2x10 



-7 



:S7.5w/m 2 -K. 



650 -T„ 



(650-427)° C 



= exp 



JT(0.003m)x 0.075 mx 87.5 w/i 



m"-K 



(0.18/3600) kg/s x 1 094 J/kg - K 



= 57B°C 



fbj Using the IHT Correlations Too!, Interna! Flow, for Laminar Flaw with combined entry length, along 
with the energy balance and rate equations above, the outlet temperature T Q!) was calculated as a function 
of flow rate for diameters of D = 2, 3 and 4 mm. The plot below shows that T m o decreases nearly linearly 
with increasing flow rate, but is independent of passage diameter. 

Continued... 
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PROBLEM S.43 <t our.) 




MB -| 1 1 1 1 1 1 1 1 1 

D.I 02 D.3 ZA 0.5 0.6 

Flow rate, ndoi ikg.'h;. 



COMMENTS: (L) Based upon the calculation for = 578°Q T m = 775 K which is in good 
agreement with our assumption To evaluate the thermophysical properties. 

(2) Why is T a . 0 independent of D° From Eq. (3), note that h is inversely proportional to D. h - D" 1 . 
From Eq. (1). note that on the right-hand side the product P- h will be independent of D. Hence, will 
depend only on m. Fhis is. of course, a consequence of the laminar flow condition and will not be the 
same for turbulent flow. 
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PROBLEM 8.44 



KNOWN: Gas-cooled nuclear reactor tube of 20 mm diameter and 780 mm length with helium 

-3 

heated from 600 K to 1000 K at 8 x 1 0 kg/s. 

FES'D: (a) Uniform tube wall temperature required to beat the helium, (b) Outlet temperature and 
required flow rate to achieve same removal rate and wall temperature if tlie coolant gas is air. 



SCHEMATIC: 




^—T^IOQOK 



ASSUMPTIONS: (L) Steady-state conditions. (2) Ideal gas with negligible viscous dissipation and 
pressure variation, (3) Fully developed conditions. 

PROPERTIES: Table A -4, Helium (f m = 80DK, 1 atmj : p = 0.06272 kg/rri\ c p = 5193 J/kg-K, k = 
0.304 W/m-K yi = 382 x 10~ ? Ns.'m". v = 6.39 x 10" 4 m s. Pr = 0.654; Air (T m = 800K 1 arm) : p 
= 0.4354 kg'm 3 , c p = 1099 J7kgK, k = 57.3 x 10" 3 W/m-K, v = 84.93 x 10" 6 m7s, Pr= 0.709. 
ANALYSIS: (a) For helium and a constant wall temperature, from Eq. 8.41b, 



T -T ■ 
*s -"-mi 



= exp 



PLh 



where P = kD. For die circular tube. 



Re D : 



4m 



4*8x10 J kg/s 



1.333x10^ 



K 71 x 0.020 m x 382 x 10" 7 N ■ s/m 3 
and using the Colbum correlation for turbulent, fully developed flow, 

Nu = 0.023 ReQ 5 Pr 1/3 = 0.023h.333xl0 4 ) 4 5 (0.654) 1; ' 3 =39.83 

h = Nu ■ k'D = 39.83 x 0.304 W/m K/0.02 m = 605 W/m 2 - K. 
Hence, the surface temperature is 



T^-IOOOK 
T S -600K ' 



exp 



7T{ 0.020 in) x 0.780 mx 605 W/m- K 
S ■ 10"' kg ■-, 5191 J kg-X 



:0.4S9S 



T Ss =13S4K. 



The heat rate with helium coolant is 

q = m c p ( T m 0 - T^, ) = Ex 10~ 3 kg/s x 5 193 J/kg ■ K (lOOO -600)K = 16.62 kW. 

Continued . 
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PROBLEM S.44 (Cont.) 



(b) For the same heat removal rate (q) and wall temperature (T 3 ) with air supplied at T m \. the relevant 
relations are 



q = 16,620 W = m a Cp(Tj 
PLh 



:v..o Tmi.. 



T -T 



Re=- a 



m a c p 
hD 



0.023 Re£ 5 Pr 1/3 



(1) 
(2) 



where T m 0 and m are unknown. An iterative solution is required: assume a value of T n ^ 0 and find 
m fromEq. (1); use th in Eqs. (3) and (4) to fmdh and then Eq. (2) to evaluate T nl(J ; compare 
results and iterate. Using thermophysical properties of air evaluated at T m = EOOK, the above 
relations, written in the order they would be used in the iteration, become 

15.123 



m 5 



-600 



1 n:.o 

h a = 5.725 xlO 3 ™} 1 ' 5 
T m,o =1384-784 exp] -4.459x10" 
Results of the iterative solution are 



in. 



0] 



(5) 

(6) 

(7) 



Trial 


"Tm.o (K) 


m (kg/s) 


ha \W/m 2 -Kj 


1"m : o (K) 




(Assumed) 


Eq. (5) 


Eq. (6) 


Eq. (7) 


1 


1000 


3.781 x 10" 2 


416.7 


904.4 


2 


950 


4.321 x 10" 2 


463.7 


898. 


3 


900 


5.041 x 10" 2 


524.6 


891.0 


4 


890 


5.215 x 10" 2 


539.0 


889.5 



Hence, we find 

m a = 5.22 x 10" 2 kg/s = S90 K. 

C:0\niENTS: To achieve the same cooling rate with air. the required mass rate is 6.5 times that 
obtained with helium. 
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PROBLEM 8.45 

KNOWN: Air at prescribed inlet temperature and mean velocity heated by condensing steam 
on its outer surface. 

FIND: (a) Air outlet temperature, pressure drop and heat transfer rate and (b) Effect on 
parameters of part (a) if pressure were doubled. 

SCHEMATIC: 



p=Z0OkPa 
U m =6m/s 



Q=Z5mm 



I 







4 



L=Zrrf 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy 
changes, (3) Thermal resistance of tube waLl and condensate film are negligible. 

PROPERTIES: Table A-4, Air (assume T m =450K. 1 atm= 101.3 kPa): p = 0.7740 

kg-'m 3 , c p = 1021 J/kg-K, n = 250.7 x 10" ? N-s/m 2 , k = 0.03 73 WkK, Pr = jicp/k = 0.686. 

Note that only p is pressure dependent; i.e., p ct P; Table A-6., Saturated water (20 bar): T sat — 

1\ = 4S5K. 

ANALYSIS: (a) For constant wall temperature heating, from Eq. 8.46 but with U =s hj since 
h 0 » hj.„ where h 0 is the convection coefficient for the condensing steam, 

C 



T,-T, 



= exp 



PL 



where P = kD. For the air flow, find the mass rate and Reynolds number. 

m = pA c u m = 0.7740 kg/m 3 (200 kPa/101.3 kPa)U{0.025 m) 2 m) x 6 mis 



m = 4.501* 10"" kg/s. 



Re D 



4x4.501x10 3 kg/s 



4m 

fixD 250.7 x 1 0" 7 N • s/ni 2 x n { 0.025 ni) 



= 9.143x10- 



Using the Dittus-Boelter correlation for fully-developed turbulent flow. 



Nu D = 0.023Re 4 '' 5 Pr 0 - 4 = 0.023(9. 143x1 0 3 j " " (0.682 J 0- "* = 29.12 

hi = Nu ■ k'D = 29. 12 x 0.0373 W/'m - K'0.025 m = 43 .4 W/m 2 ■ K. 
Hence, the outlet temperature is 



,4/5 



0.4 



212-T, 



mo 



(212-150) 5 C 



T in>0 = 198 B C. 



• exp 



n (0.025 m) x 2 m x 43.4 W/m 2 ■ K 
4 . 50 1 x 1 0~ 3 kg/s x 1 02 1 J/kg ■ K 



Continued 
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PROBLEM 8.45 (Coiit.) 

The pressure drop follows from Eqs. 8.20 arid 8.22, 



z= 0 : i 6Rej^ rt = 0 3 16^9.143 xlO 3 ) 4 = •:>.: • 



Ap = f^L 
2D 



Ap=:0 0323 0 - 7740kg ^^ QQ/101 - 3 ^ 6m/S ) X2m = 71 IN/m 2 

2x0.025 m 

The beat transfer rate is 

q = m c p f T nLt > - T^i ) = 4.501 x 10" 3 kg/s x 1021 J/kg - K (1 98 - 150 ) K = 221 W. < 
(b) If the pressure were doubled, we can see from the above relations, that map. hence 

ria = 2m 0 

Re D =2Re Dj0 , 

since 

h 1 x(Re) 4/5 ->(h 1 /h lj0 ) = 2 4/5 I 
hi =1.74h lj0 . 

It follows that TnxQ = 195°C. so that the effect on temperature is slight. However, the 

-1/4 

pressure drop increases by the factor 2(2) = 1 .68 and the heat rate by 2(195 - 150). ; (198 - 
150)= 1.88. In summary: 

Parameter p=200kPa p = 400kPa Increase, % 
Part (a) Part (b) 

m. kg/s x 10 J 4.501 9.002 100 

h lr W/m 2 -K 43.4 86.8 100 

Tmo - Tiai°C 48 45 -6 

Ap.N/in 2 71.1 119 68 

q r W 221 415 88 

COMMENTS: (1) Note that T m = (198 - 150)°C,'2 = 447 K agrees well with the assumed 
value (450 K) used to evaluate the thennophysical properties. 
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PROBLEM S.4o 

KNOWN: Diameter, length and surface temperature of tubes used to heat ambient air. Fbwrate and 
inlet temperature of air. 

FIND: (a) Air outlet temperature and heat rate per tube, (b) Effect of flowrare on outlet temperature. 
Design and operating conditions suitable for providing 1 kg.'s of air at 75°C. 

SCHEMATIC: 



Saturated Steam 



. 20 °C 



D = 0.05 m 



7 S = 1 00 °C 



0.0Q5 0.05 kg/s 



L = 5m 



ASSUMPTIONS: (1) Steady-state. (2)Ideal gas with negligible viscous dissipation and pressure 
variation, (3) Negligible aibe wall thermal resistance. 

PROPERTIES: Table AA, air (assume T m = 330 K): c p = LOOS J/kg-K, u = 198.8 x 10" 7 N-s/m 2 , k = 
0.02S5 W/m-K, Pr = 0.703. 

ANALYSIS: (a) For m =0.01 kg/s, Rec- = 4m/,TD/J =0.04 kg/s. ; :t(0.05 m) 198.8 x 10"' N-s/m 1 = 
12,8 1 0. Hence, tlie flow is turbulent. If fully developed flow is assumed throughout the tube, the Dittus- 
Boelter correlation may be used to obtain the average Nusselt number. 

Nu~D *Nu D =0.023Re^' 5 Pr 04 =0.023(12,810)°- S (0.703 )°- 4 =38.6 
Hence, h = Nu~D {k/D) = 38.6(0.0285 W/rn- K/0 .05m) = 22.0 w/m 2 -K 



FromEq. 8.42b, 



1*, T mo 



yTDLh ' 



= exp 



= exp 



ffx0.05mx5rnx 



22 w/ 



m 2 K 



0.01 kg/sx 1008 J/kg-K 



= 0.180 



T m.o = T s -0.180( T & -T m i ) = 100 D C-0.180j80 s C] = 85.6 0 C 
Hence, q = mc p (T mo - T m l ') = 0.01 kg/a (1008 J/kg -K) 65.6 K = 66 1W 



< 
< 



(b) The effect of flowrate on tlie outlet temperature was determined by using the IHT Correlations, and 
Properties Toolpads. 




Continued.. 
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PROBLEM 8.46 (Gout.) 



Although h and hence the heat rate increase with increasing m, the increase in q is not linearly 
proportional to the increase in m and T^p decreases with increasing in . 

A flowrate of m = 0.05 kg/s is not large enough to provide the desired outlet temperature of 
75°C : and to achieve this value, a flowrate of Q.067E kg/s would be needed. At such a flowrate, 
N = 1 kg; V0. 06 7 8 kg/s = 14.75 a; 15 tubes would be needed to satisfy the process air 
requirement. Alternatively, a lower flowrate could be supplied to a larger number of tubes and 
the discharge mixed with ambient air to satisfy the desired conditions. Requirements of this 
option are that 

Niii - rb. amD = 1 kg /s 

(Nm + m amb ) c p (T^ - ) = Ikg/s x 1008 J/kg ■ K ( 75 - 20 ) K = 55, 400 W 

where rh is the flowrate per tube. Using a larger number of rubes with a smaller flowrate per 
tube would reduce flow pressure losses and hence provide for reduced operating costs. 

COMMENTS: With L/D = 5 ui/0.05 m = 100 7 the assumption of fully developed conditions 
throughout the tube is reasonable. 
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PROBLEM 8.47 



KNOWN": Letigrh and diameter of tube submerged in paraffin of prescribed dimensions. Inlet 
temperature and flow rate of water flowing through tube. 

FIND: (a) Outlet temperature, heat rate, and time required for complete melting, and (b) Effect of 
flowrate on operating conditions. 

SCHEMATIC: 



Paraffin 



Water , 
0.1 0.5 kg/s ■ - 




W= 0.25 m 



ASSUMPTION'S: (1) Negligible KE.'PE and flowwork changes for water. (2) C onstant water properties. 
(3) Negligible tube wall conduction resistance, (4) Negligible convection resistance in melt (T 5 = = 
Tkj), (5) Fully developed flow. (6) No heat loss to the surroundings. 

PROPERTIES: Water (given): c P = 4.1S5 kJ.kg-K, k = 0.653 W/m-K, \i = 467 x 10" 6 kg/s in, Pr = 2.99, 
Paraffin (given): = 27.4°C. h if = 244 kJ/kg, p = 770 kg/in 3 . 



ANALYSIS: (a) From Eq. 8.41b, 

4 x 0.1 kg/s 

71 x 0.025 m x 467 x 10" 6 kg/s - m 
conditions. 



T -T 
1 'X ■'m.o 



,tDL1i 



= expi — 



T oc- T m,i m ' : ' 



With Ren 



P i 



4m 



: 10,906, the flow is turbulent. Assuming fully developed 



Xu D k k 4.^ 03 0.653 W/m-K , ,4/5, ,<)3 / 2 

h = —=—0.023 Rep, ' Pr = 0.023(10.906) ' ( 2.99) = 1418W/m~ -K 

D D 0.025 m 



: 27.4 o C-(27.4-60)°Cexp 



■1025:1: 

x x 0.025 m x 3 ni 



-1418 W; 



/m 2 K 1 = 42.17° C < 



\ 0.1kg/sx4185j/kg-K' 
From the overall energy balance. 

q = mc p (T 11X1 -T m>0 ') = 0.1kg/sx4185J/kg-K(60-42.17) c C = 7500 W < 

Applying an energy balance to a control volume about the paraffin. E-^ = AE tt , the time t a required to melt 
the paraffin is 

qt m = p\\ f = pL(wH-^D 2 /4)h sf 



770 kg/m 3 x3m(o. 25 x0.25 m 2 -;r(0.025m) 2 /4 J 



7500 W 



2 44xl0 5 j/kg - 4660s -1 29 h < 



Continued.. 
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PROBLEM 8.47 (Cant.) 



(b) The effect of m on q and J m%ci was deteimined by accessing the Correlations Toolpad of IHT. and the 
results are plotted as follows. 




Although q increases with increasing rb due to the attendant increase in Ken, and therefore h. the 
increase is not linearly proportional to the change in lii . Hence, from the overall energy balance, q = 
m CpfTny - T m£ ,) : there is a reduction in (T^ - T u ), which correspond* to an increase in T^. With the 
increase in q. there is a reduction in X m , and for lii =0.5 kg/s, 

t m =1167& = 0 324b < 

COMMENTS: Heat transfer from the water to the paraffin is also affected by free convection in the melt 
region around the rube. The effect is to decrease U, increase T i: and decrease q with increasing time. The 
actual time to achieve complete melting would exceed values computed in the foregoing analysis. 
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PROBLEM 8.48 
KNOWN: Configuration of microchaunel heat sink. 

PTND: (a) Expressions for longitudinal distributions of fluid mean a:'.d surface temperatures, (b) Coolant 
and cliaimel surface temperature distributions for prescribed conditions, (c) Effect of heat sink design and 
operating conditions, on the chip heat flux for a prescribed maximum allowable surface temperature. 

SCHEMATIC: 



m. T„ 



■■ 2SC K 




ASSUMPTIONS: (1) Steady-state. (2)Incompressible liquid with negligible viscous dissipation, (3) All 
of the chip poiver dissipation is transferred to the coolant, with a uniform surface heat flux. q£ , (4) 
Laminar, fully de\ 'eloped flow. (5) Constant properties. 

PROPERTIES: Table A.6, Water (assume T m = T m , = 290 K): c, = 4184 J/kg-K, u = 1080 x 10^ 
N-s/m\ k = 0.598 W/m-K ft = 7.56. 

ANALYSIS: (a) The number of channels passing through the heat sink is N = L.'S = L/QD. and 
conservation of energy dictates that 

t lc L~ = N ( ,tDL ) q, =fl-L 2 q^/C 1 
which yields 



(1) 



With the mass flowrate per channel designated as = rh/N , Eqs. 8.40 and 8.27 yield 



T m( x ) = T n 



'■ X = 



Lq* 
+ — — x 



T s ( x ) = T m (x) +" 



(2) < 

(3) < 



mjCp —p 

h m ' ,TU 

where, for laminar, fully developed flow with uniform . Eq. S.53 yields h = 4.36 kB. 

(b) With L = 12 wmi D = 1 tmn Q = 2 and m =0.01 kg/s. it follows that S = 2 mm N = 6 and Ren = 

4rii 1 /nD| 1 i = 4(O.Olkg/s)/6/T(O.OOlni)1.0SxlO~ 3 N s/m 2 =1965. Hence, the flow is laminar, as 

assumed, and h = 4.36(0.598 W/m-K/0.001 m) = 2607 W/m 2 K. From Eqs. (2) and (3) the outlet mean 
and surface temperamres are 



T mc =290K + 



(0.012 m) 2 2.0 xlO 4 w/m 2 
0.01kg/s(4184J/kgK) 

4.y m 2 



= 290.7K = 17.7 C 



2. 20x10"* W 

■ H — * y— ^ 

* 2607 W/m K 



339.5K = 66.5 C 



Continued.. 
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PROBLEM S.4S (Conr.) 

The axial temperature distributions are as follows 



75 - 
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Aim Iranian, limmi 

— 4 — Sur'ac* :^np=rilLTe. Ts 
— * — yean lemperaLre, Tm 

The flowrate is sufficiently large (and the convection coefficient sufficiently low) to render the increase in 
T-r and T ; with increasing x extremely small. 

(c) The desired constraint of T i mi ^ < 50 S C is not met by tlie foregoing conditions. A11 obvious and logical 
approach to achieving improved performance would involve increasing m.[ such that turbulent flow is 
maintained m each channel. A value of rii} > 0.002 kg/5 would provide R.eu > 2300 for D = 0.001 . 
Using Eq. E.60 with 11 = 0.4 to evaluate Tmjb and accessing the Correlations Toolpad of IHT to explore the 
effect of variations in iii . for different combinations of D and C_ r the following results were obtained. 




D H 1 1 1 1 1 

0.032 I DM 0.0M D.DD6 

— e- D=Q.6nrv, C1 = 2.D.N = 10 
—ft- D = - 3nrr, C1 =1.5,N = a 
— B — D = 1.Dnrr, C1 = 2.D.N = a 

We first note that a significant increase m q c may be obtamed by operating the channels in turbulent 

flow. In addition, there is an obvious advantage to reducing Q. thereby' increasing the number of 
channels for a fixed channel diameter. The biggest enhancement is associated with reducing the channel 
diameter, which significantly increases the convection coefficient, as well as the number of channels for 
fixed Cl. For m t = 0.005 kg/s, h increases from 32,400 to 81,600 W/m : K with decreasing D from 1.0 to 
0.6 mm. However, for fixed ihj . the mean velocity in a channel increases with decreasing D and care 
must be taken to maintain the flow pressure drop within acceptable limits. 

CO^EMENIS: Although the distribution computed for T a (x) in part (b) is correct, the distribution for 
T 5 {x) represents an upper limit to actual conditions due to the assumption of fully developed flow 
throughout the channel. 
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PROBLEM 8.49 



KNOWN: Cold plate geometry and temperature. Inlet temperature and flow rate of water. Number 
of circuit boards and temperature and velocity of air in parallel flow over board?. 

FIND: (a) Hear dissipation by cold plates, (b) Heat dissipation by air flow. 

SCHEMATIC: 

I m, - 0.2 kg/s, T mJ = 7°C 



H = 0.75 m 



r Coolant 
passage, N = 10 




^ p = 1 atm 



D = 0.01 m -i\ \<(— u&>= 10 mis 

Part (a) Part (b) T W -7°C 

ASSUMPTIONS : (L) Isothermal cold plate. (2) All heated generated by circuit boards is dissipated 
by cold plates (Part (a)), (3) Circuit boards may be represented as isothermal at an average surface 
temperature. (4) Air flow over circuit boards approximates that over a fiat plate in parallel flow, (5) 
Steady operation. (6) Constant properties, (7) Water is incompressible liquid with negligible viscous 
dissipation. 

PROPERTIES: Table A-6, Water (T m = 290K) : c p = 4184 J/kgK, u = 1080 x 1 O -6 N ■ ^ / m 2 , 



k=0.59S W/mK, Pr^ 
W/mK, Pr = 0.707. 



'.56. Table A-4, Air {p = 1 atm Tf = 300K): 



15.89^10 6 m 2 ,'V k= 0.0263 



ANALYSIS: (a) With Re D = 4 m t / jtD/j = 4x0.2 kg/s/xx 0.01m x 10S0 x 10 N-s/m = 23, 600, the 
flow is turbulent, and from Eq. (8.60), 



h = — Nujj = 0.023 — Reo J Pr 
D D 



-(23, 600 J 4 -'' 5 (7.56) 0 " 4 = 9, 730 W !m 2 ■ K 

0.01m 

With H-TJ = 0.75/0.01 = 75, it is reasonable to assume fully developed flow throughout the tube. 
Hence, from Eqs. (8.41b) and (8.34) 

f , 7 

,7 x 0.01m :< 0.75m >: 9730 W I m - K 



■ = exp 



,tDH 



I m l c p 



h =exp 



: C p 

T -T 

V f > = ^ C p-0.76(T S:Cp -T m;1 ) = 13 o C 



0.2kg/ sx4184J /kg -K 



= 0.760 



- 



qi = m 1Cp (T m o - T m i ) = 0.2 kg / s x 4 1 S4 J / kg - K x 6 C C = 502 1 W 
With a total of 2N = 20 passages, the total heat dissipation is 
q = 2N qi = 20 x 502 1 W = 100 kW 

(b) Tor the air flow , Re D = u^L / V = 1 0 m / s k 0. 60m .■■ 1 5 . 89 x 1 0 inS = 378,000. and the flow i s 
laminar. From Eq. (7.30), 



0.664 x 0 .02 63 W / in - K , in i : i 

( 378, 000 f L { 0.707V 3 = 15.9 W/m -K 

0.60d ~ ' ' 



— k k 1 : ? 1:3 

h = — Nu, =0.664 — Ref " Pr ' J : 
L L 

Heat dissipation to the air from both sides of 10 circuit boards is then 

q = 2N cb h ( WL ) (\ cb - Ta, ) = 20x 15J9 W / m 2 - K x 0.21m 2 x 40 C C = 2, 670 W < 

CO^DlENTS: The cooling capacity of the cold plates far exceeds that of the air flow. How r ever. the 
challenge would be one of efficiently transferring such a large amount of energy to the cold plates 
without incurring excessive temperatures on the circuit boards. 
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PROBLEM 8.50 



KNOWN: Flow rate and temperature of Refrigerant- 134a passing through a Teflon tube of prescribed 
inner and outer diameter. Velocity and Tempera tire of air in cross flow over tube. 

FIND : Heat transfer per unit tube length. 

SCHEMATIC: 

v-TefioTij 7, 0 i 




ASSUMPTIONS: (1) Steady- state conditions. (2) One-dimensional radial conduction (3) Constant 
properties, (4) Fully developed flow. 

PROPERTIES: Table A-4, Air (T = 30QK, 1 atm}: v = 15.89 x 10~ 6 m /s, k = 0.0263 W/mK, Pr = 

0.707- Table A-5, R-134a (T = 240K): \x = 4.202 x 10" 4 N-s/m 2 , k = 0.1073 W/m-K Pr = 5.0; Tabic 
A-3, Teflon (T * 300K): k = 0.35 W/m-K. 

ANALYSIS: Considering the thermal circuit shewn above, the heat rate is 



1 =7 



Ton T m 



Re 



(l/h 0 ff D 0 )+[fn(D 0 /D 1 )/2rk] + (l/h 1 ,T D^" 
4m 0.4 kg s 



D.i 



x D iM * (0 025m) 4 202 xlG N- s/m 2 
and the flow is turbulent. Hence, from the Dittus-Boelter correlation 



12,120 



hi = ^0.023 Re^Pr°- 4 = °- 107j ^ m ^ 0 . 0 2 3 fi 2 , 1 2 0 ) 4 '' ^ ( 5 )° " 4 = 347 W/m~ - K . 
1 D 1 D ^ 0.025 m 



., „ VD„ (25 rn/s) 0.028 m ,„ 4 
With Re Do = 5.=- — — - — = 4.405 xltT 



v 15.89x10"° m"/s 
it follows froiiiEq. 7.53 and Table 7.4 that 

0.0263 W/m-K 



U ^ A T> 0.6 r* 0.37 

h 0 = — 0.26 Re Do Pr 
D 

Hence 



0.02S m 



0.26^4.405 xl0 4 ]° 6 (0.707) 0 37 =131 W/m 2 ■ 



(131 W.m 2 K/r0.02Sm) 1 +Jn(23/25)/2^(0.350 W/m K)+^347 W/m 2 KjtO.025 m| 1 
(300-240)K 



q = 



(0.087 + 0.052 + 0.037) K-m/W 



■ = 343 W/m. 



COMMENTS: Tlie three thermal resistances are comparable. Note that Tj 0 = T w - q'/hoTtD^ = 300K 
2 

- 343 W/m/131 W/m K n 0.02.8 m= 270 K. 
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PROBLEM 8.51 

KNOWN: Oil flowing slowly through a long, thin-walled pipe suspended in a room. 

FIND: Heat loss per unit length of the pipe, qconv- 

SCHEMATIC: 



ASSl MPTIONS: (1) Steady-state conditions, (2) Tube wall thermal resistance negligible, 
(3) Fully developed flow, (4) Radiation exchange between pipe and room negligible. 

PROPERTIES: Table A-5 r Unused engine oil (T m = 150<=C = 423K): k = 0.133 W/m-K. 

ANALYSIS: The rate equation, for a unit length of the pipe, can be written as 
(Tm-T^) 



Iconv 



where the thermal resistance is comprised of two elements, 

1 1 ' 



R' - 1 | 1 - 1 

1 h-fl D h 0 ,T D x D 



- + - 



The convection coefficient for internal flow, hj, must be estimated from an appropriate 
correlation. From practical considerations, we recognize that the oil flow rate cannot be large 
enough to achieve turbulent flow conditions. Hence, the flow is laminar, and if the pipe is 
very long, the flow will befuih developed. The appropriate correlation is 

Nu D =^ = 3.66 
k 

hi = Nu D k'D = 3.66x0.1 33-^— / 0.030 m = 1 6.2 W/m 2 ■ K. 

m K 

The heat rate per unit length of the pipe is 

fl50-2Q)°C 

Iconv = ~ — 3 = 80.3 W/m. < 

1 (• 1 J_| m -K 

n (0.030m) [ 16.2 + 11.) W 

COMMENTS: This problem requires making a judgment that the oil flow will be laminar 
rather than turbulent. Why is this a reasonable assumption? Recognize that the correlation 
applies to a constant surface temperature condition. 
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PROBLEM 8.52 

KNOWN: Thin -walled, tall stack discharging exhaust gases from an oven mlo the environment. 

FIND: (a) Outlet gas and stack surface temperatures. and T E , D= and (b) Effect of wind Temperature 
and velocity on T m 0 . 



SCHEMATIC': 



(fr 



-25 ^Z^35°C — k 
2 £ V £10 m/s 




r 




•—Stack 


A^^- L = 6 m 






j — Oven 








6i 



r m , = eoo°c 



ASSUMPTIONS: (1) Steady-state conditions. (2) Wall thermal resistance negligible. (3) Exhaust gas 
properties approximated as those of atmospheric air. (41 Radiative exchange with surroundings negligible. 
(5) Ideal gas with negligible viscous dissipation and pressure variation. (6) Fully developed flow, (7) 
Constant properties. 

PROPERTIES: Table A .4, air (assume T„ = 773 K, T m = 823 K. 1 atm): c F = 1 104 J/kg-K. u. = 376.4 
x 1 0" 7 N-s/m 2 , k = 0.0584 W/m-K, Pr = 0.712; Table A. 4. air (assume T 5 = 523 K, T„ = 4°C = 277 K, T f = 
400 K : 1 atm): v = 26.41 x 10" 6 m 2 ,% k= 0.0338 W/m-K Pr= 0.690. 

ANALYSIS : (a) From Eq. 8.45a, 



T m o = T x, - (. X x - T m t ) exp 



U = l7 



1 1 

— + — 



(L2) 



where h and li^ are average coefficients for internal and external flow, respectively. 



Internal flow. With a Reynolds number of 

_ 4m 4 X A:zj\ 

Ke D( - 



xVM jx0.5mx376.4xl0 7 N-s/m 2 



= 33,827 



(3) 



and the flow is turbulent. Considering the flow to be fully developed throughout the stack (L/D =12) and 
with T ; - Tl the Ditrus-Boelter correlation has the forai 



Nu D =^ = 0.023R^ 5 Pr 05 
k Mi 

-.-3, 



(4) 



hi = 58 4X10 W/mK x0.023(33,827) 4/5 (0.712) 0 3 =10.2w/m-K. 
0.5 rn 

External flow: Working with the ChurchillBernstein correlation. The Reynolds and Nusselt numbers are 
VD _ 5m/s.*0.5ni 



Re D, =- 



26.41xlO~ < V 2 /s 



= 94,660 



(5) 
Continued.. 
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PROBLEM 8.52 (Cant.) 



1/2-1/3 



Nuq=0.3+- 



0.62Re^Pr- 



Jl + (0.4/Pr) 2/3 J 1/4 



1+f Re|} ' 
1^282,000 j 



4/5 



= 205 



Hence. 



h 0 = (0.0338 W/in ■ K/Q.5 m) x 205 = 1 3.9 w/m 2 K 
Tlie outlet gas temperature is then 
T m,° =4°C-(4-e00) ; 'Cexp 



(6) 



/rx 0.5 rax 6 m 



0.5 kg/s x 1 1 04 j/kg K ^ 1/10.2 + l/l3.9 



- vv/rrr 



K 



= 543"C 



Tlie outlet stack surface temperature can be determined from a local surface energy balance of the form, 
hitTnuf - T iJt ) = ho(Ti. 0 - Ij, which yields 



T - 
J s,o _ 



h i T m,o - h o T x (10.2 x 543 +13.9x4) w/ m 2 
(10.2 + 1 3.9 )w/m 2 -K 



hi + h 0 



= 232"C 



(b) Using the Correlations and Properties Toolpads of IHT, with a surface temperature of T ; = 523 K 
assumed solely for the purpose of evaluating properties associated with airflow over the cylinder, the 
following results were generated. 




Due to the elevated temperatures of the gas, the variation in ambient temperature has only a small effect 
on the gas exit temperature. However, the effect of (lie freestreani velocity is more pronounced. 
Discharge temperatures of approximately 530 and 560°C would be representative of cold/windy and 
\varnv' still atmospheric conditions, respectively. 

COMMENTS: If there are constituents in the discharge gas flow that condense or precipitate out at 
temperatures below T, i0 . this operating condition should be avoided. 
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PROBLEM 8.53 

KNOWN: Hot fluid passing through a thin-walled tube with coolant in cross flow over the tube. Fluid 
flow rate and inlet and outlet temperatures. 

FIND: Outlet temperature. l as . if the flow rate is increased by a factor of 2 with all other conditions the 
same. 



SCHEMATIC: 




Tube. 10 mm 

,' 1 ir 



m - 18 kgfh 

ASSUMPTIONS: (1) Steady- state conditions. (2)Hot fluid is incompressible with negligible viscous 
dissipation, (3) C onstant properties. (4) Fully developed flow and thermal conditions. (5) Convection 
coefficients. h 0 and \ , independent of temperature, and (6) Negligible wall thermal resistance. 

PROPERTIES: Hot fluid (Given): p = 1075 kg/m\ c p = 2637 J/kg-K, \i = 0.0034 N-s/m 1 . k = 0.261 
W/m-K. 

ANALYSIS: For conditions prescribed in the Schematic. Eq 8.45a can be used to evaluate the overall 
convection coefficient with P = itD, 

T oc- T m,o ( PL 



Too - T m j " iii 0 cp 



exp, U ! (1) 



(25-7S'f C 

-exp 



ix 0.010 nix lm - 
1 1 8 / 3600 ) kg/s < 2637 J/kg ■ K 



(25-85) C 
U = 52.1 w/tn 2 K 

Pile overall coefficient can be expressed in terms of the inside and outside coefficients, 

u=(i/h 1 +i/h 0 r 1 (2.) 

C haracterize the internal flow with the Reynolds number, Eq. S.6. 

4m n 4*(lS/3600)ka/s 

Re D =— ^= ^ i , = 187 

kDu -jt x O.OlOmx 0.0034N - s/ m 2 

and since the flow is laminar, and assumed to be fully developed, hj will not change when the flow rate 
is doubled. That is, U = 52.1 W/nr K when m = 2m„. Using Eq. (1) a gam, but with T^.,, unknown. 

(25-T m o ) C ( ,t:>< 0.010 mxlui t _ ,„./ j T /' 

= esp - — : ; x52.1 w/m -K 



(25 - S5)° C I 2 (1 8 1 360 °) k sA * ?°"37 J/kg ■ K 



Vo=Sl-4 u C 

COMMENTS: Examine the assumptions and explain why they were necessary in order to affect the 
solution. 
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PROBLEM 8.54 

KNOWN: Thin walled tube of prescribed diameter and length. Water inlet temperature and flow rate. 

FIND: (a) Outlet temperature of the water when the tube surface is maintained at a uniform temperature 
T 5 = 27 °C assuming T m = 300 K for evaluating water properties, (h) Outlet temperature of the water 

when the tube is heated by cross flow of air with V= 10 m/s and T x , = 100°C assuming Tf = 350 K for 

evaluating air properties, and {c} Outlet temperature of the water for the conditions of part (b) using 
properly evaluated properties. 

SCHEMATIC: 



m = 0.2 kg/s 



i 
i 

-*-T„ 



'm,f u D = 1Dmm, L = 2 m 

(a) (b) 
ASSI'MPTI QNS : ( 1 j S tea d y- ita re cor.di nons. ( 2)Incoiiipres sibl e liquid with negligible viscous 
dissipation and negligible axial conduction, (3) Fully developed flow and thermal conditions for internal 
flow, antl (4) Negligible tube wall thermal resistance. 

PROPERTIES: Table A.6, Water { T m = 300 K): p = 997 kgm 3 , c p = 41 79 J/kg-K, u, = 855 x 1 0" e 
N-s/m", k = 0.613 W/in-KPr = 5.83: Table A. 4, Air(Tf =350 K. 1 ami): v = 20.92 x 10" 6 m 2 /s,k = 
0.030 W/m-K. Pr = 0.700. 

ANALYSIS : (a) For die constant wall temperature cooling process. T 5 = 27°C. the water outlet 
temperature can be determined from Eq. S.4 lb. with P - xD. 

(1) 



Ts 


^m.o 




f 

PL 


T s 


~*ini 


= exp 


, mc p 



hi 

To estimate the convection coefficient, characterize the flow evaluating properties at T m — 300 K 

Re D = = 4*0.2kg/s 29 _ ^ 

,tD,w /TX o.O 10m x 855x10 °H-sfaf 
Hence, the flow is turbulent and assuming fully developed (L-'D = 200 ). and using the Dittus-Boelter 
correlation, Eq. S.60. find hj, 

N _ 0 . 023 ^3 F = 0.613W/m-K 0Q2 „ 0 .3 =9080W / m 2 . K (2) 

k 0.010m 

Substituting this value for h t into Eq. {1), find 

{ 27 -Vol .' jtx 0.010m < 2m „ nnonilT / 2 j T „ |of1 < 
= exp — x9080 W/m K Tm.(, = 37.1 0 C - 

(27-47) c C I 02 kg/s x 4179 J/kg-K } 
(b) For the air heating process. T x = 100°C. the water outlet temperature follows from Eq. 8.45a. 



T -T 

T -T 



exp 



Z DL 0 
rnc p 



(3) 

Continued.. 
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w here the overall coefficient is 



PROBLEM 8.54 (Cone.) 

U = (l/h i +l/h 0 ) 



(4) 



To estimate h 0 r use the Churchill-Bernstein correlation, Eq. 7.54, for cross flow over a cylinder using 
properties evaluated at Tf = 350 K. 

VP 10m/s* 0.010m 
v 

-- : 



Re D 



Nud = 0.3 + - 



20.92 xlO~"m 2 /s 
0_62Re^ 2 Pr 1/3 



(5) 



.2 3 



1/4 



Nud =0.3 + 



l + (0.4/Pr) 

0.62 (4780 f' z (0.700) 



12S2.000: 1 



1+ (0.4/0.700) 



2/3 



1/4 



1- 



4780 
282.000 ) 



5/8 



- 5 



= 35.76 



- o = NuDk = 0.030 W/m K < ^ = 2 Q? ^ R 



D 0.010 m 



Assuming hj = 9080 W/m" K as calculated from part (a), find U then 
0 = (1/9080 + 1/1 07 ) _1 w/m 2 - K = 106 w/m 2 - K 



100-T, 



m.o 



■ = exp 



;Fx0.010mx2m 



il00-47) c C ' ' 0.2 kg/sx 4179 J/kg-K 



X106W/: 



m K 



T ra;0 =47.4 5 C < 



(c) Using the IHT Correlation Tools for Internal Flow (Turbulent Flow) and External Flow (over a 
Cylinder) the analyses of part (b) were performed considering the appropriate temperatures to evaluate the 
thermophysical properties. For internal and external flow, respectively. 

T m = (Vi + V„ )jl T f = (f s + T x )/2 :. 7. S) 

where the average tube wall temperature is evaluated from the thermal circuit. 
T -T. T-T 



1/h, 



1/5. 



(9) 



7 r 



The results of the analyses are summarized in the table along with the results from parts (a) and (b). 



Condition 


T 

L ir. 


hi 


Tf 


h o 


U 


Tnj,0 




(K) 


(W/m : -K) 


(K) 


(W/m : K) 




C'C) 


T s = 27 D C 


300 


9080 








37. PC 


= 100 °C,T f =350 I1 C 


300 


9080 


350 


107 


106" 


47.4°C 


Exact solution 


320 


11,420 


347 


107.3 


106.3 


47.4°C 



Note tliat since h 0 « hj, U is controlled by the value of h n which was evaluated near 3i0 K for both 
parrs (b) and (c). Hence, it follows that T aLf . is not very sensitive to hq which, as seen above, is sensitive 
to the value of Tm . 
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PROBLEM 8.55 



KNOWN: Diameter of tube through which water of prescribed flow rate arid inlet and outlet 
temperatures flows. Temperature of fluid m cross flow over the tube. 

FIND: (a) Required tube length for air m cross flow at prescribed velocity, (b) Required tube length for 
water in cross flow at a prescribed velocity. 

SCHEMATIC: 



WaterJ 
l/=2m/s 



V = 20 m/s 



D = 0.05 m 




(Water) 



m = 0.215 kg/s 



ASSUMPTIONS: (L) Steady-state. (2) Constant properties, (3) Negligible tube wall conduction 
resistance, (4)Water is incompressible liquid with negligible viscous dissipation. 

PROPERTIES: Table A.6, water (T m = 50°C = 323 K): c ? = 4181 J/kg-BL u = 548 x 10" 4 Ns/trr, k = 

0.643 W/m-K, Pr = 3 .56. Table AA, air (assume T f = 300 K): v= 15.89 x 10^ rrf/s, k = 0.02.63 W/m-K, 
Pr = 0.707. Table A.6, water (assume T f = 300 K): v = 0.858 x 10"* mVs, k = 0.613 W/m-K. Pr = 5.B3. 

ANALYSIS : The required hear rate may be determined from the overall energy balance. 

q = mc p ( V t - T m o ( = 0.215 kg/s (41 SI J/kg- K) 40 s C = 35, 960 W 
and the required tube length maybe determined from the rate equation. Eq. 8. 46a. 

r 1 



where 



U,7DAT, :m 
AT, m = (Vi- T ^)-(Vo-TooJ = ; o ; 



■in 



1 '-'-mi ^oo 



'm.o 



and 



l.'U = 1/hi - 1/V 



With 



Re D . = 4iii/^D// = 0.860 kg/s/,T (0.05 m) 548 xlO^N-s/m 2 =9991 

the flow is turbulent and assuming fully developed flow throughout tlie tube, the inside convection 
coefficient is determined from Eq. 8.62 

(0.031 5. 8)(9991 -1000)3. 56 



Nu D 



(f/S)(Re D . -1000) Pr 



1 + 12.7(f / B) !/ 2 (Pr z/ J - 1) 14- 12.7(0.03 1 5 / S) 1 ' " (3.56 z ' 3 - 1) 



1/2, 



:/3 



= 61.1 



where f = (0.79 lnRen: = 1.64)"' = 0-0315 

h i = Nu D t k/D = 6 1 . 1 (0.643 W/m ■ K )/0.05 m = 786 w/ m 2 ■ K 



Continued... 
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PROBLEM 8.55 (Cant.) 



(a) For air in cross flow at 20 mi's, Rep = YD/v = 20 m/s>(0.05 m). : 1 5 .89 x 10 _,s nvVs, = 62,933. From 



the Churchill Beir.sTein correlation, it follows tliat 



Nu Dq = 0.3 + 



0.62Re^ 2 Pr 1/3 



1- 



(0.4/Pr) 2/3 | /4 



1 + 



v5/8 



4/5 



282,000, 



= 158.7 



h 0 =Nu D k/D = 158.7(0.0263W/m-K)/0.05m = 83.5w/m 2 K 



Hence, U = (l/h 1 4- l/h 0 ) =75.5 W/m 2 K and 
3 5. 960 W 



f 75 . 5 W/ m 2 - K jsr (0 05 m) 30.8° C 



= 98.5i 



(b) For water tu cross flow at 2 m/s, Rsd o = 2 m ; s(0.05 m)/0 858 x 10' 6 m : /s = 1 16 = 550, and the 
correlation yields Nutj o =527.3. Hence, 

h 0 =Nu Do k/D = 527.3 (0.613 W/m-K)/0.05ni = 6, 465 w/rn 2 -K 



U= (1/hi + l/h 0 ) =701 W.'nf-K 



Hence. 



35,960 W 



j 701 w/ in 2 - K ] ,t(0.05iii) 30.8° C 



: 10.6m 



COMMENTS: Fhe foregoing results clearly indicate the superiority of water (relative to air) as a heat 
transfer fluid. Note the dominant contribution made by the smaller convection coefficient to the value of 
U in each of the two cases. 
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PROBLEM 8.56 

KNOWN: Water flow rate arid inlet temperature for a thin- walled tube of prescribed length 
and diameter. 

FIND: Water outlet temperature for each of the following conditions: (a) Tube surface 
maintained at 27 S C, (b) Insulation applied and outer surface maintained at 27 3 C, (c) 
Insulation applied and outer surface exposed to ambient air at 27 a C. 

SCHEMATIC: 

- — w 1 h 0 ^5Wj*>*K / k=0.Q5]N(m~K 

m=0.0l5kg/s — 1> 2— | ■ f — > 

77 : = 97°C U-l -j-J ^XJU-J^^J^i-,^- 1 -^ C — Tube, D,- = 3 mm 

K 1=1t* H • L *>" 

ASSUMPTIONS: (1) Steady- state conditions, (2) Fully developed flow tbroughout the tube. 
(3) Negligible tube wall conduction resistance. (4) Negligible contact resistance between tube 
wall and insulation, (5) Uniform outside convection coefficient. 

PROPERTIES: Assume water cools to T nl0 = 27°C with no insulation but that cooling is 
negligible (T mj0 = 97 C C) with insulation. Table A-4, Water ( T m = 335K) : c p = 41S6 J/kg-K, 

u = 453 < 1Q 6 N-sfm, k =0.656 W/rn-K, Pr = 2.88, Table Water (T m i = 370K): c p = 
+214 J/kg-K, n = 2S9 x 10" 6 N-s/m 2 , k = 0,679 W/m-K, Pr = L80 

ANALYSIS: For each of the three cases, heat is transferred from the warm water to a surface 
(or the air) which is at a fixed temperature (27°C). Accordingly, an expression of the form 
given by Eq. S.42b may be used to determine the outlet temperature of the water, so long as 
the appropriate heat transfer coefficient is used. In particular, each of the cases can be 
described by Eq. 8.45a. 



AJ 0 



UA t 



mcp 



AT, 

Referring to the thermal circuit associated with beat transfer from the water, 

T m H r o ~T°o 

l/h; rrDi L ^(DjDj) l/h 0 nD 0 L 
ZtrkL 

and usmg Eq. 3.32, the UA product may be evaluated as 
UA = (ZR t ) _1 . 

(a) For the first case: T M = 2T C AT t = T^ - T s l = 70°C UA = h^T DjL. 

„ 4m 4x0.015 kg/s 

Re n = = =- - = 14,033. 

a-( 0.003m) 453 >10 °N-s/m 2 



Continued . 
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PROBLEM S.56 (Cont.) 



From Eq. 8.60, 



hj = — 0.023 Reg Pr 



4/5 0 30 0.656 W/m ■ K 



(0.023) (14 : 053) + ' 5 (2.S8) U - 3 = 14,373 W« J -K. 



0.3 



D, 



0.005 m 



AT C = ATjexp 



DiL 



= 70° C exp 



W 

143 73— x 0.003m lm 

m K 

0.015 kg/s x 41 86 J/kg-K 



= S.1°C 



= AT 0 + T si = S.1°C + 27°C = 35.TC. 



(b) For the second case : T s 0 = 27°C with 



With Re D 



AT i = Vi _ \o = 7 ° C c UA = il l-, .' DiL ) + fn (D 0 / Dj )/ 2jt kL] 1 . 
4 m 4x0.015 kg/& 



zDiV ,T(0.003m) 289x10 6 N-s/m 2 



hi = — 0.023 Re^Pr 



4/5 n.3 0.679 W/m ■ K 



= 22,028 



(0.023) ( 22,028 ) 4 '' 1 (l.SO) 05 = 18, 511 W/m' ■ K. 



D, 



It follows that 



UA = 



0.003m 



- + 



fni 0.004 0 003 j 



18,511 jtx 0.003 2jt(0.05) 



-1 



and the outlet temperature is 



AT o =70°C exp 



1.085 W/K 



, 0.015 kg/sx 42 14 J/kg-K 



5.73x10 J 4- 



= 6S.S C C 



0.916 f 1 : 



= 1.085 W/K 



= AT 0 4- T s 0 = 68.8" C + 27°C = 95.8°C. 
(c) For the third case: T l3J = 27°C, AT; = T, n i - = 70°C and 

UA = [(1/hiJT DjL) 4- in (D 0 / Di ) / 2k kL 4- (l/k 0 2T D 0 L)] -1 



UA = 



5.73x10 J +0.916- 



— -T = |~5.73x 

5;t(0.004)J L 



10 i + 0.916 + 15.92 ■ = 0.0594W/K 



AT o =70°C exp 



0.0594 W/K 



v 0.015 kg/sx 4214 J/kg-K 



= AT 0 4- T^ = 69.9" C 4- 27°C=96.9X. 
COMMENTS: Note that , 0 » Rcondinsul >> Rcotivi. 
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PROBLEM 8.57 

KNOWN: Thick-walled pipe of thermal conductivity 60 W/m-K parsing hot water with Ren - 
20,000. a mean temperature of 80 S C, and cooled externally by air in cross-flow at 20 m/s and 25 3 C. 

FIND: Heat transfer rate per unit pipe length, q'. 



SCHEMATIC: 





T m =&0°C 

ASSUMPTIONS: (1) Steady- state conditions, (2) Internal flow is turbulent and fully developed. 

PROPERTIES: Table A-6, Water (T m = SO^C = 353K): k= 0 670 WkK, Pr = 2.20; Table A-4, An 

(Too = 25°C k 300K, 1 atm): v = 15 .89 x 10" nWs, k = 0.0263 W/m-K, Pr = 0.707. 

ANALYSIS: The heat rate per unit length, considering thermal resistances to internal flow, wall 
conduction (Eq. 3.2S) and external flow, with A = TtDL : is 

q' = [l.-V D 1 +(l/2^k)ln(D 0 /D i ) + l/h 0 ^ D 0 ] _1 (T m -T. x ) 

Internal Flow. Using the Dittus-Bo-elter correlation with n = 1/3 for turbulent, fully developed flow, 
where Rep^ = 20,000 

hi = (k/D! )Nu D = (k/Dt ) 0.023 Re 4/ ' 5 Pr 1 ' 3 

hj = ( 0.670 W/m ■ K/0.020 m)0.023(20,GQG) 4/5 2.2G 1 ' 3 = 2765 W/m 2 ■ K. 

External Flour. Using the Zukauskas correLation for cross-flow over a circular cylinder with Pr/Pr s s 
1, find first 

VD 0 20m/sx0.025m 
Rerj = - = ^—z — = 31,466 

v 15.89*10 in /s 

and from Table 7.4. C = 0.26 and m = 0.6, where n = 0.37. 

Nu D = = CRe m Pr 11 (Pr/ P^ f 4 

h 0 = (0.0263 Wfai-K/0.025 m) 0.26 (3 1,466)° 6 ( 0.707 )° 37 =120 W/m 2 K. 
Hence, the heat rate is 

q =jjl/2765 W/m 2 ■ K x x0.020 m) + (l / 2jt60 W/m K) In (25/20) 

+ \l i 120 W/m 2 ■ K x ,rf).025 m ] J 1 (SO - 25 f C 

5.756 xlO -3 +5.9 19 xlO _4 -1.061xlO _1 J 1 W/m-K (80-25)° C 

q' = 489 W/m. < 
COMMENTS: Note that the external flow represents the major thermal resistance to heat transfer. 
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PROBLEM 8.58 

KNOWN: Reaction vessel with process fluid at 75 s C cooled by water at 27°C and 0.12 kg/ s through 

IS mm tube. High convection coefficient on outiide of tube (3000 W.'trT-K) created by vigorous 
stirring. 



FIND: (a) Maximum heat transfer rate if outlet temperature of water cannot exceed T ln 0 
(b) Required tube length. 

SCHEMATIC: 

■ i 



-■ 47°C. and 



Process fluid,- — 




ASSUMPTIONS: (L) Steady-state conditions. (2)Ihcompressible liquid with negligible viscous 
dissipation, (3) Negligible thermal resistance of tube wall. 

PROPZRTEES: Table A-6. Water ^T m = (47 + 27 )° C72 = 31 OK j : p = 1/vf = 993. L kg/m 3 , c p = 
4178 J/kgK, u = 695 x 10" S N sm~. k = 0.628 W/mK, Pr = 4.62. 

ANALYSIS: (a) From an overall energy balance on the tube with T m o = AT-'C, 

qmax = mc p (Vo - T U u ) = 0. 12 kg/<s x 417S J/kg - K (47 - 27)° C = 10,027 W. < 

(b) For the constant surface temperature heating condition, from Eq. 8.4 5 a. 

f — \ 



T<k — ^m.1 



= exp 



, mc P , 



where 



For internal flow in the tube, find 

4m 4x0.12 kg/s 



Re D : 



jt D/J n x o.o 1 5 m x 695 x 1 0~ 6 N . s/rn 



1 1J = 1 h 0 I 1 h,. 



= 14,656 



and the flow is turbulent. Assuming fully developed flow, u^e the Dittus-Boelter correlation with n : 
0.4 (heating), 

Nu D = hjD/k = 0.023Re£ 5 Pr 0 " 4 

hi = [0.628 W/m- K/0.015 m] x 0.023(14, 656) 4 ''' 5 (4.62) 04 = 3822 W/m 2 - K. 



Hence , 1/U = [ 1 /3 00 0 + 1/3 822] m' K/W or U = 1 680 W/m ■ K. From the energy balanc e relation 
with P = nD. find 



(75-47)°C 
(75-27)°C 



= exp 



K (0.015 m)Lx 1680 W/m 2 - 
0 . 1 2 kg/s x 4 1 7 8 J/kg - K 



L = 3.4m. 



COMMENTS: Note that L/D =227 and the fully developed flow assumption is appropriate. 
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PROBLEM 8.59 



KNOWN: Water flowing through a rube heated by cross flow of a hot gas. Required to heat water from 
15 to 35'C with a flow rate of 0.2 leg's. 

FIND: Design graph* to demonstrate acceptable combinations of tube diameter (D = 20, 30 or 40 mm), 
tube length (L = 3. 4 or 6 m) and hot gas velocity (20 < V < 40 m/s) and temperature (T„. = 250. 375 or 

soo'cv 



SCHEMATIC: 





□ = 20, 40 or 6D mm 



r„ 0 =35<>C 



Water 
m = 0.2 kg/s 



ASSUMPTIONS: (1) Steady-state conditions. (2)Water is incompressible liquid with negligible viscous 
dksipatio::. (3 : Fully developed flow and thermal conditions for internal flow, (4) Properties of the hot 
gas are those of atmospheric air, and (5) Negligible tube wall thermal resistance. 

PROPERTIES: Table A.6, Water (T m = (15 + 35 )°C/2 = 298K ); Table A. 4. Air (Tf = (T s + )jl , 
1 aim). 

ANALYSIS : Method of Analysis: The tube having internal flow of water with cross flow of hot gas can 
be analyzed by the energy balance relation. Eq. 8.45a 



T -T ■ 



= exp 



' (jeDL) 



U 



lTK r 



(1) 



where the overall coefficient U is 



-1 



U = (l/h 1+ l/h 0 p (2) 
Estimation of the internal flow coefficient. h[ : Evaluating water properties at the average mean fluid 

T m =(T m ,i + T m>0 )/2. (3) 



characterize the flow with the Reynolds number. 
4rn 

Re D.i 



(4) 



and assuming the flow to be both turbulent and fully developed (L-'D > 3m/Q.Q7m = 42), use the Dittus- 
Boetter correlation. Eq. 8. 50. to evaluate h 1 . 

Continued.. 
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PROBLEM 8.59 (Cont.) 



Estimation of the external flow coefficient, h 0 : Evaluating gas (air) properties at the average film 
temperature 

Tf =(T s +T fl0 )/2 

where T t is the average tube wall temperature (see Eq. (9)). characterize the flow 
Re Do = — 

and use the Churchill-Bernstein correlation. Eq. 7.54, for cross-flow over a cylinder. 



(5) 



(6) 



(7) 



Nu D , 0 = ^ = 0.3 + L, ° °,. 4 

^o 



[l + (0.4/Pr o ) 2/3 ] 



1 + 



Re U o 
282,000 



,5/8 



4 5 



,-n 



The average tube wall temperature. T s , follows from the thermal circuit 



T _x 
ra *s 



T -T 



1/hi l/h 0 



c 0 



ThelHT Workspace: Using the Correlation Tools for Internal Flow {Turbulent flow), and External Flow 
(Flaw over a Cylinder} and Properties for Air and (Fare/-, along with the appropriate energy' balances and 
rate equations, the heater- tube system can be analyzed. 

The Design Strategy: We have chosen to generate the design information in the following manner: for a 
specified gas temperature. . plot the required length L (limiting the scale to 3 < L < 6m) as a function 
of gas velocity V (20 < V < 40 m/s) for tube diameters of D = 20, 30 and 40 mm. Three design graphs 
corresponding to T^, = 250, 375 and 500 3 C were generated and are shown on the nest page. 

COMMENTS: (1) Tlie collection of design graphs will allow the contractor to select appropriate 
combinations of tube D and L and gas stream parameters [T x an[ l X) 1° achiev e the required water 
heating. 

(2) Note from the design graphs that with = 250°C, the required heating of the water can be achieved 
only with a 40-mm diameter by 6 m length tube with gas velocities greater than 32 m/s_ This 
configuration represents a worst case condition of largest tube parameters and highest gas velocity 7 . 

(3) Which operating conditions, T^-. = 375 or 500 5 C. provides the contractor with more options in 
selecting combinations of tube parameters and gas velocities 0 What are the trade-offs in operating at 375 
or 50O i C7 Consider such features as tube life, tubing costs and fan requirements. 

(4) The Reynolds numbers for the internal flow are approximately 7, LOO. 9,460 and 14,200 for the tube 
diameters of 20. 30 and 40 mm. For the larger tube sizes, the Reynolds numbers are below 10,000. the 
usual lower limit for turbulent flow. The Gnielinski correlation would be more accurate under these 
conditions. 



Continued... 
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PROBLEM S.59 (Cant.) 
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PROBLEM 8.60 



KNOWN: Exhaust gasses at 200 = C and mass rate 0.03 kg/s enter tube of diameter 6 mm and 
length 20 m Tube experience? cross-flow of autumn winds at 15 S C and 5 m/s. 

FIND: Average heat transfer coefficients for (a) exhaust gas inside tube and (b) air flowing 
across outside of tube, (c) Estimate overall coefficient and exhaust gas temperature at outlet 
of tube. 

SCHEMATIC: 



Tube 
D = 6 mm 




Gas 

m; = 0.003 kg/s 

T mJ = 200 D C 



T"m,o 



ASSUMPTIONS: (1) Steady- state conditions, (2) Ideal gas with negligible viscous 
dissipation and pressure variation, (3) Negligible rube wall resistance, (4) Exhaust gas 
properties are those of air, (5) Negligible radiation effects. 

PROPERTIES: Table A-4 : Air (assume T^q as 15°C, hence T m = 380K, 1 atm):c p = 1012 
J/kg-K, k = 0.0323 W/m-K. ^ = 221.6 x 10 _? N-s/m 2 . Pr = 0.694; Air (T x = 15°C = 288 K, 1 
atm): k = 0.0253 W/m-K, v = 14.82 x 10" 6 m 2 /s = Pr = 0.710; Air (T s » 90°C = 363 K. 1 ami): 
Pi = 0.698. 

ANALYSIS: (a) For the internal flow through the nvbe assuming a value for T ln 0 — 15 : C. find 



Re D = 



4x0.003 kg/s 



4m 

* D/' ,T x 0.006 m x 221 .6 x 1 0~ 7 N ■ s /m 2 



= 2.873 xl0 H 



Hence the flow is turbulent and, since L/D » 10,. folly developed. Using the Dittus-Doelter 
correlation with n = 0.3, 

0 8 

Nu D = 0.023Re^ 8 Pr° 3 = 0.023 (2.873 xlO 4 ) (0.694)° 3 = 76.0 

hi = Nu ■ k/D = 76.0 x 0.0323 W/m ■ K/0.006 m = 409 W/m 2 ■ K. < 



(b) For cross-flow over the circular tube, find using thermophysical properties at T x > 

YD 5 m/s x 0.006 m ... . 
Re D = — = —^ = 2024 

= ■ 14.82x10"° m 2 /s 

and using the Zukauskus correlation with C = 0.26, m = 0.6, and n = 0.37, 

vl/4 ^0.6^^,-0.37 



Nu D =CRegPr n (Pr/Pr s ) i ' it = 0.26(2024) U ° 0.710 OJV (0.710/0.698 f 25 =22.2 

where Pr s is evaluated at T s . Hence, 

h 0 = Nurj ■ k/D = 22.2 x 0.0253 W/m ■ K/0.006 ni = 93.4 W/m 2 ■ K. < 



Continued 
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PROBLEM 8.60 (Cant.) 

(c) Assuming the thermal resistance of the tube wall is negligible, 

— = — - — = : + — ''m 1 -K/W U = 76.1 W/'m 2 - K. 
U h 0 hi 1.93.4 409 ) 

The gas outlet temperature can be determined from the expression where P = "T.D. 



T - T 

T -T 
oc m.i 



: exp 



PUL 



: exp 



15- X 



: 7.9x10 



P 

-5 



K x 0.006 m x 76. 1 W/m 2 - K x 20 m ^ 
0.003kg's<1012 J/kg-K 



(15-2QQ)°C 

COMMENTS: (1) With T^o = 15°C find T m = 380 K; hence thermophysical properties 
for the internal flow 7 correlation w-ere evaluated at a reasonable temperature. Note that the gas 
is cooled from 200°C to the ambient air temperature, Tm.0 = Tx, over the 20-m length! 

(2) The average wall surface temperature, T s , follow"? from an energy balance on the wall 
surface, 

Tm — T s _ hj 



T s ~ T inf n o 

and substituting numerical values, find T s = 90°C = 363 K, the value w : e assumed for 
evaluating Prr. Can you draw : a thermal circuit to represent this energy balance relation? 

(3) When using the Zukauskus correlation, it is reasonable to evaluate Pr^ at the T m for the 
first trial. For gases the assumption is a safe one. but for liquids, especially oils, additional 
triaLs will be required since the Prandtl number may be strongly dependent upon temperature. 
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PROBLEM 8.61 

KNOWN: Superheated steam passing through thin-walled pipe covered with insulation and suspended in 
a quiescent air. 

FTXD: Point along pipe surface where steam will begin condensing (xj. 
SCHEMATIC: 

Insulation, k = 0.085 W/m X j { Quiescent air ^ = 20 o c 
( = 25 mm - 




u m = 1 0 mis 



T S ( X1 ) = 100 Q C 



7^=120^ 



ASSUMPTIONS: (1) Steady- state conditions, (2) Steam is ideal gas with negligible viscous dissipation 
and pressure variation. (3) Steam properties may be approximated as those corresponding to saturated 
conditions. 

PROPERTIES: Table A.6, Saturated steam (T m = (100 + 120) Q C/2 = 110°C * 385 K): p E = 0.S76 



20S0 J/kg K. ,u s = 12.49 x 10"" N-S/m", kg = 0.0258 W/mK„ Pr_ a = 1.004. 



ANALYSIS: From Eq. 8. 4 5 a. where T m .-.- is the mean temperature at any distance x. 



Tqc ^m.x 



- T 

1 m.i 



exp 



Px 



mc 



U 

P j 



(1) 



The mass flow rate, with Ac = 7iDV4, is 

m = >?gA c u m = 0.876 kg/ m 3 f ,t( 0.050 m) 2 /* ] -< 10 in/* = 0-01 72 kg/s 



and for the internal flow, 
4m 

Re D 



4x0.0 172 kg/s 



jsD/i jf (0.050 m) x 12.49 x 10" 6 N ■ s/ m 7 



■■ 35, 068. 



Assummg the flow is fully developed, the Dittus-Boelter correlation yields 
Nu D = ^ = 0.023 (35, 068) 4 '' 5 (1.004)° 3 =99.58 

0.0258 W/m -K ^ _ n C1 ,„ r / 2 ^ 

h. = t x99.58=:>1.4W/m -K 

1 0.050 m ' 

Hence, from Eq. 3.31. the overall coefficient for the inner surface is 
1 D L k(D 0 /Di) Di 1 n ~ 



U, =j^l .946 x 



2,: 



10 2 +2.039x10 1 +5.000-; 10 



I" 1 (0.050) 0.1 00/0 
1.51.4 2x0.085 

j 1 = 3.66W/ 



Dfu ;. C.C50 : 
+ 



0.100 10 



-: 



- K . 



U7 in" ■ K 



Continued... 
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PROBLEM S.61 (Coin.) 

With condensation occurring when the surface temperature reaches 100 c C: i the corresponding value of T n 
inay be determined from the local (x = xj) requirement that Uj (^"Dj )[T m ( Xj ) — T^, J 

= hi{^Di)rT m ( X i)-T s ]. Hence, 

I x -(h,/U 1 )T s 20-(51.4/3.66)100°C 

m( 1>= l-(hiM) = l-(5W3-66) =1 ° 6 C 

The distance at which the mean steam temperature is 106°C can then be estimated fromEq. (1), where P 
= itD L and U = U L , 

(20 — 106)° C ^f0.050m)3.66 w/m^ ■K(xi') 

- exp 



(20-120) C 
xi = 9.3 m 



0.0172 kg/s*2080J/kg-K 



COMMEXIS: Note that condensation first occurs at the location for which the surface, and not the 
mean temperature reaches 100°C. 
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PROBLEM 8.62 



KNOWN": Length and diameter of air conditioning duct. Iiilet temperature of chilled air. 
Temperature and convection coefficient associated with outer air. Chilled air flowrate. 

FIND: Chilled air exit temperature and heat flow rate. 

SCHEMATIC: 

f< ~—L = ISm- 

T *-7°C 




ASSUMPTIONS: (I) Steady-state conditions, (2) Negligible tube wall conduction 
resistance, (3 ) Ideal gas with negligible viscous dissipation, pressure variation, and axial 
conduction. 

PROPERTIES: Table A-4.. Air (300K, l ami): c p = 1007 J/kg-K, fi = 184.6 x 10~ 7 kg/s-m,k 
= 0.0263 W/mK, Pr = 0.707. 

ANALYSIS: The exit temperature may be obtained from Eq. 8.45a, where 



U = (h i 1 + h 0 1 ) 
With Re D = (Am,'?r Dtf) = 



4(0.05 kg/s) 



jt(0.3 m) 1 84.6 x 1 0 1 kg/s ■ m 



= 11.495 



the flow is turbulent and, assuming fully developed conditions over the entire length, the 
Dittus-Boelter correlation yields 

Nu D =0.023Re*' 5 Pr 0 ' 4 =0.023(11, 495} 4/5 (0.707) 04 = 35.5 
h i = N "D C^) = 35.5 (0.0263 W/m ■ K/0.3 m ) = 3. 1 1 W/m 2 - K 

■■-1: 



and U = ^3.11 1 + 2 
Eq. 8.45a yields 



o M (w. 



m 2 k'| = 1. 22 W-tn 2 K 



T m,o = T oc - ( Tjo - T,^! ) exp (/r DL'm c p ) U J 



T^ 0 =37°C-30 i Cexp 



jt(0.3 m)15 m(l.22 W/m 2 -K J 



0.05 kg/s( 1007 J/kg-K) 



= 15.7°C 



< 



and the heat rate is 

q = th c p f T U1C) - T m i } = 0.05 kg/s (1007 J/kg K) ( 8.7°C j = 43S W < 

COMMENTS: The temperature rise of the chilled air is excessive, and the outer surface of 
the duct should be insulated to reduce U and thereby T m 0 and q. 
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PROBLEM 8.63 



KNOWN: Length, diameter, insulation characteristics and burial depth of a pipe. Ground surface 
temperature. Inlet temperature, flow rate and properties of oil flowing through pipe. 

FTND: (a) An expression for the oil outlet temperature, (b) Oil outlet temperature and pipe heat transfer 
rate for prescribed conditions, and (c) Design information for trade off between burial depth of pipe (z) 
and pipe insulation thickness (t) on the heat loss. 



SCHEMATIC: 

rT =-40°C 




Soil, k s = 0.50 W/m-K 



Insulation, D ; = 1.2 m 

D 0 = 1 .5 m, kj = 0.05 W/m-K 



m =500 kg/5 



120 °C 




ASSUMPTIONS; (1) Steady-state conditions. (2) Constant properties, (3) Two-dimensional conduction 
in soil, (4) Negligible pipe wall thermal resistance, (5) Total resistance to heat loss is independent of x, 
(6) Oil is incompressible liquid with negligible viscous dissipation. 

PROPERTIES: Oil (given): p 0 = 900 kg/m\ c p , 0 = 2000 J/kg-K, v 0 = 8.5 x 10" 4 nr/s, k, = 0.140 W/m-K, 
Pr 0 = 10 4 ; Soil (given): k s = 0.50 W/m-K; Insulation (given): ki = 0.05 W/m-K 

ANALYSIS: (a) From Eq. 8.36 for a differential control volume in the oil and the rate equation 

dlconv = m o c p,o dT m = dq = (T s - T m )/R. T ot 0) 
where the total resistance is expressed as 

1 



/- ,-l lniDo/D,) 
R tot = R conv + R cond,i + R cond,s = (h^Ddx J + ^ ^ ' 



k s S 



R. 



tot 



1 | InfDo/Dt) i cosh N^z/Dq) 



^ li^rD! 



2xk. 



dx= R rot /dx 



;2) 



where, from Table 4.1. 

S=2,rdx/cosh" 1 (2z/D () ) 
It follows that 



( T s- T m) dK 



tor 



Integrating between inlet and outlet conditions 



*m.o 



dT n 



T -T 
^m.i 



.ep 



dx 



o c p,o R tot 



dx 



T -T 



^o^o^'tot 



Assuming RJ ot to be independent of x and integrating, 



= expi 



\ m o c p = o R tot 



(3) 



(3)< 
Continued.. 
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PROBLEM 8.63 (Cant.) 



(b) To calculate T Q( for die prescribed conditions, begin' 



Re D 



4iii r 



4* 500kg/;, 



l) 900 kg/in 3 x 8.5 x 1 0^ m 2 /s 



alnating h . where 
694 



xD{p Q v 0 jj-(l.2m] 
Hence, the flow is laminar, and with Pr 0 > 5, the Hansen correlation is appropriate, 
0.0668 (Di/L)Re D Pr 



Nud = 3.66-- 



l-0.04[iD 1 /L)Re D Pr]' 



2/3 



(D 1 /L)Re D Pr = 
k 



1.2 



( 694) 10 4 =83.3 



Nud = 6.82 



= 0.14W/m-K = w/m 2 
Dj 1.2m ' 

From Eq. (2), the overall thermal resistance is 

k(1.5/1.2) 



R 



tot 



cosh L (4) 

0.8 w/m 2 - Ks: (1 .2 m) " ^ (° 05 W / m ■ K) T 2* ( 0.5 W/m - K ) 



Rtot = {0.33 + 0.71 + 0 66)K m/W = 1.70 K m/W 
and the oil outlet temperature can be calculated as 



T — T 
J-nLO 1 s 

T ■ -T 



: exp 



500 kg/s x 2000 J/kg ■ K x 1 .7 K - m/W 



: 0.943 



Tip d = 1 1Q.9X 



The total rate of heat transfer^ -am the pipeline is then 



1 = m 0 c p,o( T m,i 



-T m .ol 



q = 500kg/sx2000J/kg-K(120-110.9) s C = 9.1*10 6 W. 



(4) 



(5) 



(6) 
< 



(c) Using the IHT Workspace with the foregoing equations, an analysis was performed to determine the 
heat loss, q, as a function of burial depth for the range, 1 < z < 6 m, for thicknesses of insulation which 
are -25%, -25%, +50% and 100% that of the base case, t = r 0 - r L = 150 mm. 
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PROBLEM 8.63 (Com.) 



From this information, rhe operations manager can compare the costs associated with burial depth and 
insulation thickness with respect to acceptable heat loss. 

C CLEMENTS: (1) Since the thermal entry region is very long, x tLt * Q.QSDRjerjPr = 4.16 x 10 5 m, li* will 
be changing with x throughout the pipe. A more accurate solution would therefore be one in which Eq. 

(1) is integrated numerically, in a step-by-step fashion. For example, the integration could involve a step 
width of Ax = 10" hl with h and Rj evaluated at each step. 

(2) The three contributions to the total thermal resistance are comparable. 

(3) In IHT 3.0. the inverse hyperbolic cosine function is "invcosh," so the shape factor can be found as: 

i! Shape factor: 

S = 2 r pi I invco5i{arg) 

arg = 2'zjTJo 

z = 3 

Do= 1.5 

Xote that the argument of a function must be calculated separately in IHT. That is. we cannot 
use invcosh{2*z-TJo). 
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PROBLEM 8.64 

KXOTVN: Length, diameter, msulation characteristics and burial depth of pipe. Ground surface 
temperature. Infer temperature, minimum allowable exit temperature, flow rate and properties of oil flow 
through pipe. 

FIND: Effect of soil thermal conductivity and fiowrate on heat rate and outlet temperature. 
SCHEMATIC: 



f 



Soil, 0.25 £k s d 1.0 W/mK 



7 - 3 in 





T M10°C 



250 ^trr a £ 500 kg/s 



Insjlation, D s = 1.2 m 
D 0 = 1.5 m, ki= 0.05 W/n>K 
ASSUMPTIONS: (1) Steady-state conditions. (2) Constant properties, (3) Two-dimensional conduction 
in soil. (4) Negligible pipe wall thermal resistance. (5) Total resistance to heat loss is independent of x, 
(6) Oil is incompressible liquid with negligible viscous dissipation. 

PROPERTIES: Oil (given): p 0 = 900 kg/m 3 , c p , 0 =2000 Jfkg-K, v, = 8.5 x L0" + nr,'s, k, = 0.140 W/m K, 
Pr 0 = 10". 

ANALYSIS : From the analysis of Problem 8.63, the outlet temperature may be computed from the 
expression 



T — T 

Ht.O S 



= exp 



rac p,o R tot 



where 



1 hi(D 0 /Di) cosh 1 (2z/D 0 ) 



lurD; 2/Tki 2,Tk 5 
and h is determmed from Eq. 8.56. The heat rate may then be obtamed from the overall energy balance 
q = nic p (T mi -T mo ) 

Using the Coirelafioris Toolpad of IHT to perform the parametric calculations, the following results were 
obtained 




B.4 D.5S 07 0.85 
Soihhemr3 KKCcrvity, ks(WJn-.K) 

■ mdDl = 250 kff's 

■ ndot = SfSkffs 

■ ndot = 5DD kg's 




0.4 0.16 D.7 OtS 
Soil ihermal csndusfety wA* - u<; 

' r: = 2: 1 k: i 
■ rrccn = 37^- kg.'s- 



Continued. 
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PROBLEM 8.64 (Cent.) 



Due to a reduction in the thermal conduction resistance of the soil with increasing k=, there is a 
corresponding increase in the heat rate q from the pipe and a reduction in the oil outlet temperature. The 
heat rate also increases with increasing m (due to an increase in h and hence a decrease in the 
convection resistance), but the increase Lags that of the flow rate, causing the outlet temperature to 
increase with increasing m . Conditions for which T^j > 110 C C cannot be achieved for ni = 250 kg/s, but 
can be achieved fork; < 0.33 W-'m K and k= < 0.65 W/m-K for m = 375 kg-s and 500 kg/s. respectively. 
The worst case condition corresponds to the smallest value of m and the largest value of k*. 

Measures to maintain T^ > 110 C C could include increasing the burial depth, increasing the insulation 
thickness, and'br using an insulation of lower thermal conductivity. 

COMMENTS: The thermophysical properties of oil depend strongly on temperature, and a more 
accurate solution would account for the effect of variations in T m on the properties. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 8.65 

KNOWN: Single tube heat exchanger for cooling blood. 

FIND: (a) Temperature .at which properties are evaluated ill estimating 1: (b) Prandtl number for the 

blood. Pr, (c) Flow condition: laminar or turbulent, (d) Average heat transfer coefficient, h, for blood 
How, (e) Total heat rate, q, (f) Required length of mbe. L, when U is known. 

SCHEMATIC: 



<Sw) \ £_ 



_ ? -7 i 

PROPERTIES: Blood ( Given, T m ) : p = 1 000 kg/m , v = 7 x 10 m /s, k = 0.5 W/m-K, c p = 

4000 J/kg-K. 

ASSUMPTIONS : (1) Flow and thermal conditions fully developed, (2) Thermal resistance of tube 

matenal is negligible, (3') Overall heat transfer coefficient between blood and water-ice mixture is U : 

2 

300 W/m -K (4) Constant properties, (5) Negligible heat transfer enhancement associated with 
coiling, (S) Blood is incompressible liquid with negligible viscous dissipation. 

ANALYSIS: (a) Evaluate properties at T m = (T 0 +Tj ) / 2 = (40 + 30)° C/2 = 35°C. < 

(b) The Prandtl number is 

c n civ? (4000 J/kg ■ K x 7 x 1 0 _7 m 2 / s x 1 000 kg/m 3 1 

k k 0.5 W/m-K 

(c) Calculate Reynolds number as 

4 m 4Vp 4 V 4 x 1 0^ m 3 / mm (' 1 nnn/60s 1 

Re D=^ L = ^^ = ^^ = 5 " 7 -/ =1213 

xDu xVvp x D v x x 2.5 x 10" 3 in x 7 x 1 0" 7 in" / s 

Hence, the flow is laminar, c: 

(d) For laminar and frilly developed conditions, Eq. 8.55 is the proper correlation, 

Nu D = hD/k =3.66 h = 3 .66 x 0.5 W/m - K/2.5 x 10 -3 m = 732 W/m 2 ■ K, < 

(e) The total heat rate follows from an overall energy balance. Eq. £.34, 

q = ihc p (T o -Ti) = >7Vcp(T 0 -Ti) 

q = 1 000 kg/m 3 1 10" 4 m 3 / inin/60 s/min ] 4000 J/kg ■ K x (30 - 40 ) s C = -66.7 W. < 



(f) Using the rate equation, Eq. 8.46a, solve forL, 

q 66 . 7 W 



0.81 m 



Ux DAT fm 300 W/m 2 - K ( x x 2.5 x 10 3 m) x 34.8° C 
where A = JtDL and AT fm = [(40 - 0)°C - (30 - 0)°C]/f n(40/30) = 34.8°C. 

COMMENT: With Xfsu = 0.05DRCD = 0. 1 5 m, and x Hi , = x^tPr = 0.85 m, the assumption of fully 
developed flow is not accurate. 
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PROBLEM 8.66 

KNOWN: Flow conditions associated with water passing through a pipe and air flowing over the 
pipe. 

FES'D: (a) Differential equation which determines the variation of the mixed-mean temperature of the 
water, (b) Heat transfer per unit length of pipe at the inlet and outlet temperature of the water. 

SCHEMATIC: 




ASSUMPTIONS: (L) Negligible temperature drop across the pipe wall. (2) Negligible radiation 
exchange between outer surface of insulation and surroundings, (3) Fully developed flow throughout 
pipe. (4) Water is incompressible liquid with negligible viscous dissipation. 

& "l 

PROPERTIES: Table A- 6. Water (T m l = 20Q°C): c~ w = 4500 J/kg-K, u w = 134 x 10~ N sk', k w 
= 0.665 W/m-K = Pr w = 0.91;. Table A-4, An (T^ = - 10°C): v a = 12.6 x 10" m Is, k;, = 0.023 W.'mK, 
Pr a = 0.71, Pr s k 0.7. 

ANALYSIS: (a) Following the development of Section 8.3.1 and applying Eq. 1.1 le to a differential 
element in the water, we obtain 



dq = -rn c PjW dT m 

where dq = I^dA, (T m - ) = U;ff D dx (T ra - ). 

Substituting into the energy balance, it follows that 

Aim = _^D (Tm _ V) m < 

dx m Op 

The overall heat transfer coefficient based on the inside surface area may be evaluated fromEq. 3.31 
which, for the present conditions, reduces to 

U, = ; — . (2) 

1 1 D , f D+ 2t ) D 1 

— + — in + — 

hi 2k I D .) D + 2t h 0 

For the inner water flow, Eq. 8.6 gives 

4 m 4 * 2- kg/s 
Ren = = ^—z = 19. 004. 

n Yifiv, w(l m)xB4x 10 ° kg/s-m 

Continued 
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PROBLEM 8.66 (Cam.) 

Hence, rhe flow is turbulent. With the assumption of fully developed conditions, it follows from Eq. 
8.60 that 

h i = ^ K °- 023 Re D 5 Pr w 3 - P) 
For the external airflow 

Rep = v(m2t) = 4^^) =4i3xioS 

v 12.6x10 6 in 2 / 5 
Using Eq. 7.53 to obtain the outside convection coefficient, 

h o =-^-x0.076R E Jj 7 Pt°- 37 (Pr a / Pr s ) 1M . (4) 
(b) The heat transfer per unit length of pipe at the inlet is 

q' = ,Ti) V,i i :ri ,-r. x ). (5) 

From Eqs. (3 and 4), 

h , = 0.665 W/m.K ^ ^ Q4) 4/5 fo.91)°' 3 =33.4 W/m 2 -K 
1 m 

h ° = ^t^t^ °- 076 i 4 - 13 * 105 )° 7 (0 - 71}0 ' 37 af^iojw/^K. 

Hence, fromEq. (2) 



1 lm (1.3^1 1 1 
r + fn\ — + — x 

39.4W/V-K 0.1W/m-K v 1 J 1.3 10.1W/m 2 -K 
and from Eq. (5) 

q' = j(lm) (q.37\V/ui 2 -K) (200 +10)° C = 244 W/m. 



= 0.37 W/m 2 ■ K 



Since Uj is a constant, independent of x, Eq. (1) may be integrated from x = 0 to x = L. The result is 
Eq. 8.45a. 

\ 

- Uj = exp 



Hence 



Tm,o 


= exp 


f 


x DL 


— ^111.1 




in Cp w 


Ix 

Tec 


Tm,o 


0.937. 



*xl m x500ni x( , 37W/m 2. K 



^ 2 kg.'s x 4500 J/kg K 



T^=^ + 0.»7(T^-4) = 187°C. < 

COMMENTS: The largest contribution to the denominator on the right-hand side of Eq. (2) is made 
by the conduction term [the insulation provides 96% of the total resistance to lieat transfer). Fortius 
reason the assumption of fullv developed conditions throughout the pipe has a negligible effect on the 

calculations. Since the reduction in T m is small (13°C), little error is incurred by evaluating all 

properties of water at Tmj. 
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PROBLEM 8.67 

KNOWN: Inner and outer radii and thermal conductivity of a teflon tube. Flowrate and temperature 
of confined water. Heat flux at outer surface and temperature Mid convection coefficient of ambient 
air. 

FEND : Fraction of heat transfer to water 
and temperature of rube outer surface. 

SCHEMATIC: 





Teftvn, 

ASSUMPTIONS: (L) Steady-state conditions. (2) Fully-developed flow, (.3) Gue-dimeusional 
conduction. (4) Negligible tape contact and conduction resistances. 

-6 

PROPERTIES: Table A-6, Water (T m = 290K): u = 10S0 x 10 kg/s-ni k = 0.59S W/m-K, Pr = 
7.56. 

ANALYSIS: The outer surface temperature follows from a surface energy balance 



(2aT 0 L)q' = ^ —4 



Ts.Q ^S,0 T m 



(h 0 2*r 0 L) _1 (Jn(r 0 /q)/2 ff Lk)4(l/2 ff qLh i ) 
T -T 

ff _ i. (t _ T \, s.o 1 m 

1 =h «^- T -J + (lo/k)lfl(jb/li) + (lo/li)/hi 

With Re D = 4 riv (jt Dp) = 4 (0.2kg/s) /|V (0.02 m ) 1080 x 10 -6 kg/' 



s • m 



1L789 



the flow is turbulent and Eq. S.6Q yields 

hj = lk.a)i)0.023Rjen 3 Pr 04 = (u 53S W/m-K/0.02 m)(0.023)(ll,789) 4/5 (7.56) 0 " 4 = 2792 W/m^ ■ K_ 
Hence 

2000 W/m- =25 W/in^ K[T S 0 -300KJ + — 



(0.01 3 m/0.35 W/m ■ K)ln ( 1 .3) + (1.3) / ^2792 W/m 2 ■ kJ 



and solving for T Sj0 , T s . 0 = 308.3 K. < 

The heat flux to the air is 

q 0 =h o (T s . 0 -T at> ) = 25 W/m 2 ■ K (308.3- 300) K = 207.5 W/m 2 . 

Hence, qf /q" = (2000 -207.5) W/m 2 /2000 W/m 2 = 0.90. < 

COMMENTS: The resistance to heat transfer by convection to the air substantially exceeds that due 
to conduction in the teflon and convection m the water. Hence, most of the heat is transferred to the 
water. 
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PROBLEM 8.68 



KNOWN: Temperance recorded by a thermocouple inserted in a stack containing flue gases with a 
prescribed flow rate. Diameters and emissivities of thermocouple tube and gas stack. Conditions 
associated with stack surroundings. 

FIND: Equations for predicting thermocouple error and error associated with prescribed conditions. 
SCHEMATIC: 



£.= 0.0 lm 




. t f 



T =P7'C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Flue gas has properties of air at 1„ = 327 ; C. (3) 
Stack forms a large enclosure about the thermocouple tube and surroundings form a large enclosure 
around the stack (4) Stack surface energy balance is unaffected by heat loss to tube. (5) Gas flow is 
fully developed, (6) Negligible conduction along thermocouple tube. (7) Stack wall is thin. 

3 -7 2 

PROPERTIES: Table A-4. Air (T 2 t 6Q0K. p g = 1 ami): p = 0.58 kg/m . u = 305.8 x 10 N s/m . 
-6 2 

v = 52 7x 1 0 m ,'s, k = 0.0469 W/m-K, Pr = 0.685. 

ANALYSIS: Determination of the thermocouple error necessitates determining the gas temperature 

Tg and relating it to the thermocouple temperanire Tf. From an energy balance applied to a control 
surface about the thermocouple. 

Irony = flrad ° r h t A t ( T g " T t ) = e t ffA t ( T t 4 " T S 4 ) ■ 

Hence T, = T t + ^(T t 4 -T 4 "]. (1) < 

n t '■ ; 

However, T s is unknown and must be determined from an energy balance on the stack wall. 
Iconv.i = 1conv.o "Iran 

Ms flg-T,) = h 0 A s (T s -T x )+ ^ffA, (t 4 -T 4 ,-) 

T g =T s+ ^('T s -T flD ) + ^(^-T 4 r ). (2) < 



or 



Tg and T s may be determined by simultaneously solving Eqs. (1) and (2). For the prescribed 
conditions 

pVD, P|>V^" D s /4 ) D t 4m g D t 4*1 kg/s* 0.01m 

Rerx = = — = =- = T = 1157 

■ u P n^>Z ^7x305.8x10" N-s/m (0.6 in.) 

Coutmued 
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PROBLEM S.6S (Cont.) 

Assuming (Pr/Pr s ) = 1. it follow? from the ZuLmskus correlation 

Nu~D =0.26Re° )t e Pr 0 - 37 

where C = 0.26 and m = 0.6 from Table 7.4. Hence 

h t = 0 0469 W/m - K (ll57)°- 6 (0.685} 0 S7 k 0.26 = 73 W/m 2 -K. 
0.01 m 

Hence, fromEq. (1) T„ = 573 K + °*« 5 ' 6? ^ ^ ^ f 5 73 4 -T* k 4 

73 W/m K ^ 

T g =573 K+67K-6.2l4xl0 _L0 T 4 =640-6.214xl(T L0 T 4 . (la) 

Also, Re D ,=i^ = 1^^- -=6.94,10 4 

' tD s/' vT(0.6tn)305.Sxl0 ' N-s/m 2 

and the gas Eow is turbulent. Hence from the Dittui-Boelter correlation. 

hi = A 0 .023Re£ Pr° = 00469 W/m " K xO ,023(6 .94xl0 4 f* *|0.6S5]°- 3 =12 W/m 2 -K. 

0.6 m 



Hence from Eq. (2) 



_ _ 25 0.8>; 5.67 x 10 8 W/m 2 - K 4 

Tg =T S 4- — (T s -300 K) + - 



T 4 -300 4 



K 4 



12 12 W/m K 

T s = T, - 2.0S3T, - 625 K + 3.78 x 10 _9 T 4 - 30.6 K = -655.6 K + 3.083T S + 3.78 x W~ 9 T s 4 . (2a) 

Solve Eqs. (la) and (2a) by trial-and-error. Assume values for T s and determine T a from (la) and 
(2a). Continue until values of T g agree. 

T S (K) T g (K)^(la) T ? (K)^(2a) 

400 624 674 

375 628 575 

387 626 622 

388 626 626 

Hence T s = 38S K, T g = 626 K 

and the thermocouple error is T g - T t = 626 K - 573 K = 53"C. < 

COMMENTS: Tlie thermocouple error reselti from radiation exchange between the thermocouple 

tube and the cooler stack wall. .Anything done to T t would v this error (e.g., v or T T x and 

T sllr ). Tlie error also J> with t hf. Tlie error could be reduced by installing a radiation ilueld around 
the tube. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 8.69 



KNOW?**: Platen heated by hot ethylene glycol flowing through tubing arrangement with spacing S 
soldered to lower surface. Top surface exposed to convection process. 

FEND: Tube spacing S and heating fluid temperature T m which will maintain the top surface at 45 ± 

0.25°C. 



SCHEMATIC: 



25 °C 
0OVWm 2 -K 



iv = 25 mm 




T(x,w) =45 ±0.25 °C 



Symmelry 
Plater 

k= 15VWm-K 



Platen 



Solder 




Ethylene 
glycol, T m , 
m = 0.06 kg/s 



ASSUMPTIONS: (1) Steady-state conditions: (2) Lower surface is insulated, all heat transfer from hot 
fluid is into platen: (3] Copper tube is thick-walled such that interface between solder and platen is 
isothermal: (4) Fully developed flow conditions in tube. 

PROPERTIES: Table A.4., Ethylene glycol (T Q = 60 °C): H = 0.00522 Ns.'nr, k = 0.2603 W/m-K. 

ANALYSIS : Begin the analysis by setting up a nodal mesh (9 >:6) to represent the platen experiencing 
convection on the top surface (T,,. h) while the two side boundaries are symmetry adiabats. On the lower 
surface, nodes 46 and 47 represent the isothermal platen-solder interface maintained at To by the hot fluid. 
The remaining nodes (49-54) are msulated on their lower boundary. 

7^ = 25 °C 
ri = 100W/m 2 -K 



% aq, 2^, 22,, 2\ 24 (| 2\ 2^ 27j 



11 



Al 



17 



A3, 



13 



A3. 



2% 2^ 3q, 3y 32,, 33,, ^ l 3^, 3 



37, 3^ 3^, 4q, 41 n 42,, 43,, 44,, 4Sj 



5£ 



15 



11 



1$ 



17 



18J 



T 



J 



3 



14 



'46- 



<47- 



T 



Ax 



= 2 D,/3 



(1) 



The heat rate supplied by the tube to the platen can be expressed as 

q cv = 0.5h o UDj)(T m -T o ) 

Trom energy 1 balances about nodes 46 and 47, the heat rate into the platen by conduction can be expressed 
as 

qcd = q* +qb + q c P) 



q a =k(Ax/2)(T4 D -T 37 )/Ay 



(3) 

Continued.. 
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PROBLEM 8.69 (Coiit.) 



qb=k(Ax)(T 47 -T 38 )/Ay (4) 

q c =k(Ay/2)(T 47 -T 4S )/Ax (5) 
and we require that 

led = lev © 



The convection coefficient for internal flow can be estimated from a correlation assuming fully developed 
flow. First, characterize the flow with 

4m 4x0.06kg/s 
Re D = = t-^ = 1S29 

% D iM ,T(0.00Sm)O.t)O522N-s/ni z 
and since it is laminar, 

Nu D = ^1 = 3.66 

h 0 = 3 .66 x 0.2603 W/m - K/O.OQS in = 1 1 9. 1 W/m - K 

where properties are evaluated at T m . Using His IHT Finite-Difference Tool for Two-Dimensional Steady- 
State Conditions and the Proper-ties Tool for Ethylene Glycol, along with the foregoing rate equations and 
energy balances, Eqs. (1-6), a model was developed to solve for the temperature distribution in the platen. 
In the solution, we determined what hot fluid temperature was required to maintain T] = 45°C. Two trials 
were run. In the first, the nodal arrangement was as shown above (9 x 6) for which S/2 = (9 - l)Ax = 
42.67 mm with Ax = 2D : /3 = 5.33 mm and Ay = w/5 = 5 mm. In die second trial, we repositioned the 
right-hand symmetry adiabtit to pass vertically through the nodes 6-51 so that uow ; the nodal mesh is (6 x 
6) and S/2 = (6 - l)Ax = 26.65 mm with Ax and Ay remaining the same. The results of the trials are 
tabulated below. 

Trial Mesh T L (°C) T„ ( 3 C) T 9 ( S C) T m (°C) (W/m) 

1 9x6 45.0 43 5 43.0 105 S0.5 

2 6x6 45.0 44.5 — 85 52.6 

From the trial 2 results, the surface temperature uniformity is (T - Ts) = 0.5°C which satisfies the 
±0.25 D C requirement. So that suitable tube spacing and fluid temperature are 

S = 53 mm T m = 85°C < 

CO MA IE NTS: (L) Recognize that tlie grid spacing is quire coarse and good practice demands that we 
repeat the analysis decreasing the nodal spacing until no further changes are seen in T L1 . 

(2) In the first trial, note that T m = 105 = C which of course, is not possible. 
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PROBLEM 8.0 



KNOWN: Features of tubing used in a ground source heat pump. Temperature of surrounding soil. 
Fluid inlet temperature and fLowrate. 

FIND: (a) Effect of tube length on outlet temperature, (b) Recommended tube length and the effect of 
variations in the flowrate. 



SCHEMATIC: 



Polyethylene tubing 0 
((=8oim,(f,= 0.47 W/m-K) , 5 



D s = 25 mm 




'm,o 



m = 0.03 kg/s 



ASSUMPTIONS: (L) Steady-state conditions. (2) Constant properties, (3) Negligible conduction 
resistance in soil. (4)Incompressible liquid with negligible viscous dissipation. (5) Fluid properties 
correspond to those of water. 

PROPERTIES: Table A.6 (assume T m = 2.77 K): c P = 42.06 I/kg-K, u = 1560 x 10" s N-s/m 2 , k = 0.577 
W/m-K Pr = 11.44. 

ANALYSIS: (a) For the prescribed conditions, Ren = 4m/jiD 1 ^ = 4(0 03kg/s )/V(0.025m)1560 

x ID"* N s/m" = 980 and the flow is laminar. With Pr > 5, Eq. 8.56 may be used to determine the 
average convection coefficient 

0.0668 (D/L)Re D Pr 



Nud = 3.66- 



2/3 



l-0.04[(D/L)Re D Pr]" 
With T ; used in lieu of T xi , Eq. 8.45b may be used to determine T^j, 

L 



^s ~^m,o 



; exp 



liicp^tot 
the convection 
R'tot = Rcnv + Rend = (l/^D 1 h}+ln(D 0 /D 1 )/2rt t 



where R( 0t accounts for the convection and tube wall conduction resistances. 



and 



D 0 =D t +2t = 41mm. 



Lsing the Cotreiariotts and Properties Toolpads of IHT, the following results were obtained for the effect 
of the tube length L on T 0 . 



Continued... 
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PROBLEM S.I?Coiit.) 



j 




D -| { 1 1 { { 1 1 

10 15 20 25 30 35 40 45 K 

T-k lerrglh, L(mj 



■ m±jt = 0.D 1 5 k-a's 
— *— m±/t = 0.D3D k-j's 
— a— mitot - H.M5 kgfc 

Hie longer the tube the larger the rate of heat extraction from the soil, and for rh = 0.030 kg's, the 
temperature ri^e of AT = (Ta. 0 - T^i) * 7°C is well below the maximum possible value of AT milt = 1 0°C. 

(b) The length should be at least 50 m long. If the flowrate were reduced by 50% (th =0.015 kg/s). the 
corresponding temperature rise would be close to AT^.; and L = 50 m would be close to optimal. 
However, for the nominal flowrate and a 50% increase from the nominal, the length should exceed 50 m 
to recover more heat and provide a heat pump inlet temperature winch is closer to the maximum possible 
value. 

COMMENTS: In practice, the tube surface temperature would be less than 10°C (if the temperature of 
the soil well removed from the tube were at 10°C) : thereby reducing the heat extraction rate and T^. 
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PROBLEM 8.1 



KNOWN: Reynolds number, mean temperature, and surface temperature for flow of water in a 
smooth, circular tube. 

FEND: Nusselt number for three different Reynolds numbers, using four different correlations. 

SCHEMATIC: >f m = HKi* 

Water, Re,, 



T, = SD5 K 

ASSUMPTIONS : (1) Fully- developed flow, (2) Fully tuibuletit flow. 

PROPERTIES: Table A-6, Water ( T m = 295 K): Pr = 6.62, u = 959 « 10" e N-s/m 2 ; (T s = 305 K): u, = 
769 x 10" 5 Ns/m : . 

ANALYSIS: 

Colburn. From Equation 8.58, 



Nllr 



< 0.023 Re£ J Pr 



For the three different Reynolds numbers, the Nusselt number can be calculated. The results are given 
in the Table below. 

Dittus-Boelter. From Equation 8. SO, 

Nu D = 0.023 Rej^ Pr C 4 
where n = 0.4 for the exponent of the Prandtl number, since T, > T^. Obviously this will yield a 
higher value than the Colburn correlation, as shown in the table below. 

Sieder and Tate. From Equation 8.61, 

Nu D = 0.027 Re£ 5 Pr 1;i 14 

Mi 

The results are given m the table. 

Giiielinski. From Equation 8.62, 

(E'S) (Re D - 1000) Pr 



Nu r 



1 +12.7(f'8) L '-(Pr 2,,J -1) 



where from Equation 8.21, f = (0.790 In Ren - 1.64) \ The results are tabulated below. 

Nusselt Number Results 



Re D 


Colburn 


Dittus-Boelter 


Sieder & Tate 


Gnielmski 


4000 


32.9 


3 7 .5 


39.8 


31.1 


jT 


68.4 


77<5 


82.9 


77.S 


10 s 


432 


490 


523 


585 



COMMENTS: (1) Heat transfer in turbulent flow is prone to variability: changes in laboratory 
conditions, such as rue presence of small vibrations, can affect the heat transfer results. (2) The 
Colburn. Dittus-Boelter. and Sieder and Tate correlations can result in errors as large as 25%. The 
Dittus-Boelter equation is preferable to the Colburn equation and the Sieder and Tate correlation is 
preferred when property variations are large. None of these is applicable for Reynolds number less 
than 10,000 (and so they are not valid for Re = 4000 in this problem). (3) The Guieliuski correlation 
is preferable to these, and is valid down to Re = 3000. Within its range of applicability it is generally 
correct to within 10°-c provided temperature variation is not too great. As noted in the text, corrections 
for variable property effects are discussed in Kakac [17]. In this particular problem the Sieder and 
Tate correction yields (^74)° 14 = 1.03. That is. the correction for variable property effects is only 3%, 
which is smaller than the accuracy of the correlations themselves. 
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PROBLEM 8.72 

KNOWN: Effect of entry length on average Nusselt number for turbulent flow in a tube. 
FIND: Ratio of average to fully developed Nusselt numbers for prescribed conditions. 
SCHEMATIC: 




ASSUMPTIONS: (1) Sharp edged inlet, (2) Combined entry- region. 
ANALYSIS: FromEq. 8.63, 
Nup _ n C 
*»D = fd ( x ,'D) m 

and with C = 24Re^ 0 - 3 and m = O.S15-2.08xlO H5 Re D , 

Nup _ u 24Rep 023 
Nu Difi] * ^(o.815-2.0SxlO- 6 Re D ) ' 

It follows that 



(NiiD/Nu Dj fd) Re D 



1.463 10 4 10 

1.116 10 4 60 

1.420 10" 10 

1.142 10" 60 

COMMENTS: The assumption NuD ^Nujy for x/D =10 would result m underprediction 

of Nutj by approximately 45%. The underprediction is only approximately 10% for x/D 
60 
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PROBLEM 8.73 

KNOWN: Fluid enters a thin -walled tube of 5-imn diameter and 2-in length with a flow rate of 0.04 
kg/s and temperature of T m .i = 85 °C: tube surface temperature is maintained at T 3 = 25 °C: and. for tins 
base operating condition, the outlet temperature is = 31. PC. 

FIND : The outlet temperature if the flow rate is doubled 11 

SCHEMATIC: 



<03> 
T m ,i = 85°C 
rn b = 0.04 kgte 

. or 

m„ = 2m h 




L = 2 m 



)b= 31 l»C 



)r, = f 

Thin-waled tube 
D = 5 mm 



ASSUMPTION'S: (1) Flow is fully developed and turbulent, (2) Fluid properties are independent of 
temperature, (3) Constant surface temperature cooling conditions, (4) Applicability of Eq. 8.34. 

ANALYSIS: For the base operating condition (b), the rate equation, Eq. 8.4 lb, with C — rh Cp, the 
capacity 7 rale., is 



% Tm,o )|. 

T -T 
J s J m.i 



■ = exp 



(1) 



Substituting numerical values, with P = rcD, find the ratio, h^ / Cj, , 
25-31.1 



= exp 

25-85 

h b /C b =72.77 m 



f— arx 0. 



005 m x 2 m 



(H/c b )] 



For the n&f operating condition (n). the flow rate is doubled. C a = 2Q,. and the convection coefficient 
scales according to the Dittus-Boelter relation Eq. 8.60, 



h Re 



0.8 
D 



■ m 



.0.8 



b = f 



o..: 



h b and(h H /C n ) = (2°- B /2)(h b /C b ) 
Using the rate equation for the new operating condition find 

.). ' ' 



^S T m _Q 



T -T 
I s -"-in.! 



; exp — 



exp[-PLx0.871(h b /C b )] 



25-85 



: exp 



-;ix 0.005 m*2 mx0.871x72.77 m 



-2 



Vol 



:33.2°C 
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PROBLEM 8.-4 

KNOWN: Flow rate and inlet tempera ture of air passing through a rectangular duct of prescribed 
dimensions and surface heat flux. 

FEND : Air and duct surface temperatures at outlet. 

SCHEMATIC: 

7n=3xl0 kg/s, \J 1 T-//,4««pf 

ASSUMPTIONS: (1) Steady- state conditions. (2) Uniform surface heat flux (3) Constant properties. 
(4) Atmospheric pressure. (3) Fully developed conditions at duct exit, (6) Ideal gas with negligible 
viscous dissipation and pressure variation. 

- 7 2 

PROPERTIES: Table A- 4, Air | T m * 300K 1 atni) : Cp = 1007 J/kg-K, n = 184.6 x 10~ X-s/m". 

k = 0.0263 W/m K, Pr = 0.707. 

ANALYSIS: For this uniform heat flux condition, the heat rate is 
1 = 1s A s =qS[2(L«W)+2(L«H)] 

q = 600 W/m 2 [2(lmx0.01<jm)+2(lmx0.004m)] = 24 W. 
From an overall energy balance 

V o =V 1+ ^- = 300K + — — = 379 K. < 

m c p 3 x lCT* kg/s x 1007 J/kg - K 

Tlie surface temperature at the outlet may be determined from Newton's law of coolmg. where 

T s,o = T in : o + q"''h- 

FromEqs. S.So" and 8.1 

4A r 4 (0.0 lfiinx 0.004m') 

Dt, = ^ = —> i- = 0.0064 m 

P 2(0.016ui + 0.004m) 

ReD = pu m D h= inD L = 3*10^k g /s(O0O64 m ) 

fi A cV 64xl0^m 2 |184.6xl0 7 N-s/m 2 l 

Hence the flow is laminar, and from Table 8. 1 

h= JL 5 ,3 3 = 0 - 0263 ™°- K 5.33 = 22 W/m 2 -K 
0.0064 m 

T, 0 =379K- 600 W/m ' = 406K. 
22 W/m 2 ■ K 

COMMENTS: Tlie calculations should be reperformed with properties evaluated at T m = 340 K. 
The change 111 T m 0 would be negligible, and T s 0 would decrease slightly. 
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PROBLEM 8.75 

KNOWN": Flow rate and temperature of air entering a triangular duct of prescribed 
dimensions and surface temperature. 

FIND: Air outlet temperature. 

SCHEMATIC: 



Z=100°C 




W=CLOZm 



ASSUMPTIONS: (1) Steady- state conditions, (2) Constant properties, (3) Uniform surface 
temperature, (4) Fully developed conditions throughout, (5) Air is at atmospheric pressure, (6) 
Ideal gas with negligible viscous dissipation and pressure variation. 

PROPERTIE S: Table A -4, Air (assume T m * 325K, 1 atm): c p = 1008 J/kg-K, [i = 196.4 x 
lO'N i.m". k= 0.02&2 Wm l Pr = 0.707. 



ANALYSIS: FromEqs. 8.66 and 8.1 
4A C 4(1.73x10^) 



D h : 



Re D = 



P 3 i 0.02m) 

P »m D h _ mD h _ 



: 0.01 15 m 



4xl0 _4 kg/s(0.0115in) 
V 1.73xl0^m 2 jl96.4xlO _7 N-s/m 2 J 



= 1354. 



Hence the flow is laminar and from Table 8.1. 

h = A 2.47 = °-° 2S2W/1 " K 2.47 = 6.0 W/m 2 ■ K. 
D h 0.0115 m 

From Eq. 8.41b it follows that, with P = 3 W, 



^m,o ( ^-s Tm,i ) ™P 



PL 



Tj^o = 1 00 s C - j 1 G0°C - 27 S C J exp 



3 x 0.02.m x 2m x 6.0 W/m 2 - K 
^ 4 x 1 O^kg/s x 1 008 J/kg K 



T m 0 — 88 C. 

COMMENTS: With T m o = 8S°C, T m = 330K and there is no need to re-evaluate the 
properties. 
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PROBLEM 8.76 



KNOWN: Inlet temperature and mass flow rate of air flow. Geometry and dimensions of channels 
through a mold. Mold temperature. 

FEND : (a) Heat transferred to the air for case A, (b) Heat transferred to the air for case B, and (c) 
pressure drop for both cases. 



SCHEMATIC: Ajr 



m = 3C 




On total in all 

Mol d , T E - 50°C 6 channels) 

Case A Case B 



AS SUMPTIONS : (L) Flow is hydrodynamically and thermally fully developed, (2) Mold 
temperature is uniform. (3) Narrow fins benveen channels m case B are at the mold temperature. 

PROPERTIES: Table A-4, Air (T = 310 K assumed, latm): p = 1.128 kg/m 3 , c p = 1007 Ikg'K, u = 
IS 9. 3 x 10" 7 NsW. k = 0.027 W/nr K. 



ANALYSIS: 

(a) The Reynolds number is 
4ih 



Re 3 = 



4x30x IV 6 kg/s 



jeD n n x 0.01 m x 189.3 * 10" 7 N-s7iir 



= 202 



Thus, the flow is laminar. Since it lias also been assumed that the flow is fully developed and the 
mold temperature is uniform, the Xusselt number is 
Nu D = 3.<56 

Thus h = Nu D k/D = 3.66 x 0.027 W/mK/0.01 m = 98& W/nfK. 
Hie outlet temperature can be found from Equation 5.41b, 

P L 



T = T s + (T^ - T ; ) exp( - - h) 

mc p 



= 50°C+(25 S C-50 ; C) exp 
= 41.0°C 



[ JI* 0. 

{ 30 



01 mx 0.1mx9.SSW/m- K 



x 10* kg/s x 1007 J/kg-K , 



t:-.us 



q =iiic p (T nJ:0 - T^ ; ) = 30 x L0*" kg/s x 1007 J/kg-K x (41.0°C - 25°C) = 0.485 W 



(b) We first determine the dimensions of the triangular channels from the requirement that the total 
area is the same as case A. 



Continued. 
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PROBLEM S.76 (Cont.) 



3tD 2 /4 = 6a 2 /2 

a = (— y-D = {— } L ' 3 x LO nmi =5.1 mm 
12 12 
and the flowrate in one channel is 5 x 10 s kg/s. 
The hydraulic diameter is T>. = 4A C /P = 4(a i /2)/3a = 2a/3 = 3.4mm. 
The Reynolds number is 

Re - 4lh - 4x5xlQ^kg, 5 _ 9£j 

D it Dj, u jt x 0.0034 m x 189.3 x 10" 7 N-s.'m 2 

so the flow is laminar. From Table 8. 1 , the Nusselt number is Nud = 2.47. so 
h= Nu D kT>. = 2.47 x 0.027 W.'m K. 0.0034 m= 19.6 W/nr-K. 



Tlie outlet temperature is 
T = T +{T 



= 50°C+(25°C-50 C C) exp| 
= 49.9°C 



3 x 0.0Q51 m * 0.1 m * 19.0 W/m 2 - K 
5 x 10" 6 kg.'s x 1007 I/kg K 



Then using the total flowrate to account for all six channels, 

q = iiic^(T^ 0 - T^j) = 30 x 10" 5 kg's x 1007 J/kg-K x (49.9°C - 25=C) = 0.753 W 



(c) Tlie friction factor for case A is f = 64 ; ReB = 64/202 = 0.3 1 7. The pressure drop is, from Equation 
8.22a, 

Ap =fEi L 

2D 

with Um = m/pA c = 30 * 10" 6 kg.'s/(1.12B kg. ; m J x a {0.01 m) 2 /4) = 0.339 m/s. Thus 

= ojn x 1.128 kg^x (0.339 m/sr x 0.1 m = 0 . 2O5 Pa 
2 x 0.01 m 

For Case B : from Table 8.1, f = 53/Ren = 53/98.6 =0.538. and Ui = 0.339 mA as in Case A. Thus 

pu- 1 128 Will J x {0 339 m ; s) 2 ^ 

Ap = f^-L= 0.538 x 1 - 1 -°^ m LU JJjmi J x 0.1m =1.02 Pa < 

2D h 2 x 0.0034 m 

COMMENTS: (1) Segmenting the channel into six smaller sections increases the heat transfer by 
55%, but at the expense of almost a frve-fold increase in tlie pressure drop. (2) For the circular duct, 
tlie hydrodynamic entry length, is Xfiji = 0.05 Ret D = 0. Ini so it is not fully developed as assumed. 
For the triangular duct, xy.b = 0.05 Re^ D; = 0.02 m, so the assumption is more appropriate. The 
thermal development length is shorter, since Pr= 0.7. 
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PROBLEM S.77 

KNOWN: Temperature and velocity of gas flow between parallel plates of prescribed surface 
temperature and separation. Thickness and location of plate insert. 

FIND: Heat flux to the plates (a) without and (b) with the insert. 

SCHEMATIC: 

-T s =SS-OK- 

^ 

X.--1000K 



ASSUMPTIONS: (1) Steady-state conditions. (2) Negligible radiation. (3) Gas has properties of 
atmospheric air, (4) Plates are of infinite width W. (5) Fully developed flow. 

PROPERTIES: Table A-4. Air ( 1 atni T m = 1000K): p = 0.348 kg-m , \x = 424.4 x 1 o" ? kg/s m, k = 
0.0657 W/m-K,Pr = 0.726. 

ANALYSIS: (a) Based upon the hydraulic diameter r>h, the Reynolds number is 
D h = 4 A c / P = 4 (H ■ W ) / 2 (H - W ) = 2H = 80 mm 

P »m Dh 0-348 kg/m 3 (60 m/s ) 0.08 m 
Re D = - — — — — = ^— = 39,360. 

M 424.4 <10~ 7 kg/sm 

Since the flow is fully developed and turbulent, use the Dittus-Boelter correlation, 

Nu D =0.023 ReJ 5 Pr 0 3 = 0.023(39. 360) 4/5 (0.726) 0 " 3 = 99.1 

, k 0.0667 W/m- K nn , „ , „.,, 2 v 

h = Nun = 99.1 = 82.6 w .'in ■ K 

D n 0.08 m 



q"=h(T m -T & ) = 82.6 W/m 2 - K (1000 - 350) K = 53,700 W/m 2 . 
(b) From continuity, 

m = (> u m A) a = (p u m A) b u m ) b = u m ) a (pA) a / (pA) b = 60 m/s (40/20) = 1 20 m/s. 



< 



For each of the resulting channels, = 0.02 m and 

Skg/m 3 (l20 
424.4 ■ 10" ■' kg s-m 



p u.„ 0.348 ks/m 3 (120 m/s) 0.02 m 
R = P "m ^h = e \ — J = 19.680. 



< 



Since the flow is still turbulent, 

4,'5 ,. 0 3 56.9 f 0.0667 W/m-K) 2 
Nu D =0.023(19,680} (0.726) =56.9 h = ^— — - = 189.8 Wk -K 

q" = 1 89.8 W/m 2 - K ( 1000 - 350) K = 123,400 W/m 2 . 
COMMENTS: From the Dittus-Boelter equation, 

hb^a=(«mb/^ a f S K^ 
Hence, heat transfer enhancement due to the insert is primarily a result of the increase in Uj^ and 
secondarily a result of the decrease in D n . 
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PROBLEM S."S 



KNOWN: Temperature, pressure and flow rate of air entering a rectangular duct of prescribed 
dimensions and surface temperature. 

FEND : Air outlet temperature and duct heat transfer rare. 

SCHEMATIC: 

T mJ : Z8SK 




0075-77? 



ASSUMPTIONS : (1) Steady- state conditions. (2) Constant properties, (3) Uniform surface 
temperature, (4) Fully developed flow throughout, (5)Ideal gas with negligible viscous dissipation and 
presstire variation. 

-7 

PROPERTIES: Table A-4 ; Air {assume T m * 325K, 1 ami): c p = 1008 J/kg-K yi = 196.4 x 10 
Km. k = 0.0282 W/m-K Pr = 0.707. 



ANALYSIS: From Eqs. 8.66 and 8.1, 



D h = 
Re D 



4A C 4*: (0.15 x 0.075 jm" 
P ~ 2(0.15 + 0.075)m 

_ P «m D h _ 111 D li _ 



= 0.10 in 

0.1 kg/s(0.1m) 



M A c /; (0 15mx0 075m)196 4xl0 7 N s/m 2 

Hence the flow is turbulent, and from Eq. 8. SO 



: 45. 260. 



h = 



k „ 4/5 _ n.4 0-0282 W/m-K n „.,,, „ M 4/5 /n ™,0.4 _, n „„2 



-0 023 Reg J Pr"""* = - 



D b u 0.10 m 

From Eq. 8.41b, with P = 2(W + H), 



-0.023(45, 260f J 3 (0.707) u "* =30 W/m z -K. 



T -T 
J ir.o _ L s 



i. T s - T in,i ) eK P 



Vo = 400 K-(400-285)Kexp 



2 (0. 15m + 0.075m) 2m 



|30W/m 2 -Kj 



0.1 kg/sxlOOS J/kg-K 



Tm,o= 312 K 



< 



and from Eq. 8.34 

q = tit c p ( T U10 - T m 4 ) = 0. 1 kg/s x 1 008 J/kg - K (3 1 2 - 285 ) K = 2724 W. < 

COMMENTS: (1) The calculations maybe checked by determining q from Eqs. 8.43 and 8.44. We 
obtain AT fm =101°C and q = 2724 W. 

(2) T m has been over-estimated. The calculations should be repeated with properties evaluated at 
T m = 299 K. 
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PROBLEM 8.79 

KNOWN: Dimensions of semt-circular copper tubes m contact at plane surfaces. Thermal contact 
resistance. Tube flow conditions. 

FIND: (a) Heat rate per unit tube length, and (b) The effect on the heat rate when the fluids are ethylene 
glycol, the exchanger tube is fabricated from an aluminum alloy, or the exchanger tube thickness is 
increased. 



SCHEMATIC: 



m h = 0.2 kg/s = m c 
7^ = 330 K 

C= 290K 



■ ■ ■ ■ ■ 



.'■ . ■-. 



20 mm 



R" tc = 10- s m 2 K/W- 



0 



-Insulation 




(=3™^T Section 
AA 



ASSUMPTIONS: (1J Steady- state conditions. (2) Constant properties, (3) Adiabatic outer surface, (4) 
Fully developed flow, (5) Negligible heat loss to surroundings. 

PROPERTIES: Table A.l, Copper (T a 300 K): k = 400 W/'m-K; Water (given): ,u = S00 x 10" fi kg/s-m, 
k= 0.625 W/m-K,Pr= 5.35. 

ANALYSIS : (a,b) Heat transfer from the hot to cold fluids is enhanced by conduction through the semi- 
circular portions of the tube walls. The walls may be approximated as straight fins with an insulated tip, 
and the thermal circuit is shown below. 





! 


T 

'cm* ' 

T i>X 


• T h,m 


1 


ft 



T bx 




T bx 




■ R'f lC ' 2 '- 


tit&T) 


(!k2n 







^ CQtW ' 



Vh h 2r, 



'h,m 



Note tliat. shice each serin-circular surface is insulated on one side, surfaces maybe combined to yield a 
single fin of thickness 2t with convection on both sides. Also, due to the equivalent geometry and the 
assumption of constant properties, there is symmetry on opposite sides of the contact resistance. From the 
thermal circuit, the heat rate is 



q =- 



Th,m T c ,m 



to: 



For flow through the semi-circular tube : 

/7u m Dh mDjj 4mA e 4iii 

fi Af.fi A c Pu P/J 
4x0.2 kg/s 



4m 



(2 + J T)0.02mxBOOxlO 6 kg/s-rn 



= 9725 



(1) 



(2) 



the flow is turbulent. Using the Gniehnski correlation, since Res < L 0,000 



Nu D 



(f /S)(Re D -L000)Pr 



l+12.7(F/8] 



<Pr 2/3 -l) 



= 69.9 



(3) 



Continued.. 
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PROBLEM 8. "9 (Cent.) 



where f = (0.79ln(RfiD)-1.64)"- = 0.0317 

4A 4 h7 2 ) In 

Di, =^^- = -^ ^ = ^-0.02m = 0.0244m (4) 

n P (JT+2)q JT + 2 

h = Nun — = 69.9 ° 612 =1790w/m 2 -K. (5) 
D h 0.0244 

Find now values for the thermal resistance of the circuit. 

Rconv =^T= ~ — 1-^— = O-O^Om K/W (fi) 

^h- (0.04m)1790W/m^-K 

RW=^ = TT^ 00 

If (hP'kAc ) L ' z taiili ( hP/kA c ) L 

L=JFq/2 = ;r(G.Qliii) = 0.0314m A c = 2r -lm = 0.006m" P*2.1m (8,9,10) 

All 



(hP'kAc f 2 = (l790 w/ m 2 K x 2 m/m x 400 W/m - K x 0.006 m 2 /s ) ' = 92.7 W/K - m 

(hP/kA c ) iy 2 L = (l790 w/m 2 - K x 2 m/400 W/m ■ K x 0.006 m 2 ) ' 0.03 1 4m = 1 2 1 

Rf m = = 0.0129m-K/W (11) 

92.7 W/m- K(0.S38) 

' 2q 2 (0.02 m) 
The equivalent resistance of the parallel circuit is 

R «l = ( R fm + R ™v ) 1 = (77.6 W/m- K + 71. 5 W/m K) 1 = 6.70 * I0" 3 m K/W (14) 

Hence 

R tot = ^(^eq + R cond) + R r,c 0 5 ) 

R^ ot =^6.70xlO _3 +l.E75KlO _4 )-l-2.50xlO _4 jm-K/W= 0.0140m- K/W 

(330-290)K = 285Q < 
0.0140m-K/W ' 

(c) Using the IHT Workspace, with the foregoing equations, analyses were performed and the results 
summarized in the table below. The "'Conditions" are described below; the "Change' 1 is relative to the 
base case condition. 

Continued 
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PROBLEM S'9 (Cent.) 



Condition* 


(m-K/W) 


R na x 10 4 
(in-K/W) 


fmK/W) 


r; 0[ x 10 4 

fm-Ky'W) 


R^xlO 4 
(in-K/W) 


r 

q 

(W/m) 


CT.anae 

(%) 


Ba-se cas,e 


140 


129 


l.SS 


140 


57.0 


2S50 




Ethylene glycol 


6550 


4210 


1.88 


5130 


2560 


77.9 


-97 


Aluminum alloy 


140 


171 


4.24 


165 


76.9 


2430 


-15 


Thicker tube 


140 


120 


2.50 


136 


64.4 


2930 


+2.B 



* Conditions: change from base case 

Base case - water, copper (k = 400 W/m K), t = 3 mm 

Ethylene glycol - ethylene glycol instead of water, Res = 727, laminar. Nu^ = 3.66 estimated 
Aluminum alloy - alloy (k = 177 W/mK) instead of copper 
Thicker tube - 1 = 4 mm instead of 3 mm 

As expected. u;ing ethylene glycol as the working fluid would decrease the lie-at rate, especially because 
the flow becomes laminar. Note that Rj-onv ls> me dominate resistance since the convection coefficient is 
considerably reduced compared to that with water. Using aluminum alloy, rather than copper, as the tube 
material reduces the heat rate by 14%. Conduction-convection (fin) in the tube wall is. important as can 
be seen by examining the change in Rf m relative to the base condition. Increasing the rube wall 
thickness for the copper tube exchanger from 3 to 4 mm had only a marginal positive effect on the heat 
rate. 

COIVDIEXTS: A more accurate calculation would account for the absence of symmetry about the 
contact plane. Evaluation of water properties at T bi31 = 330 K and = 290 K yields lit = 1930 W/m 1 K 
andh r = 1470 W/m 2 -K. 
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PROBLEM 8.80 

KNOWN: Heat exchanger to warm blood from a storage temperature 10°C to 37° at 200 ml/ min 
Tubing lias rectangular cross-section 6.4 mm x 1.6 mm sandwiched between plates maintained at 
40 D C. 

FLND : (a) Length of tubing and (b) Assessment of assumptions to indicate whether analysis under- or 
over-estimates length. 

SCHEMATIC: 

-Pfate,72=40"C r~Ttibe, cross- section 6.4xL6mm t . 




ASSUMPTIONS : (1) Steady- stale conditions. (2) Incompressible liquid with negligible viscous 
dissipation, (3) Blood flow is fully developed. (4) Blood has properties of water, and (5) Negligible 
tube wall and contact resistance. 

PROPERTIES: Table A-6, Water (T m a 300 K): c p f = 4 1 79 J/kg-K, pf = 1/vf = 997 kgm 3 , vf = 

-7 2 

Lifv f = S.58 x 10 m /s, k= 0.613 W/m-K, Pr = 5.83. 

ANALYSIS: (a) From an overall energy balance and the rate equation. 

q = iii c p j T uxo - T^i ) = hAjATTjvrnj (I) 

where 

\n(H l iAl 2 ) In (25/ 3) 

To estimate k, find the Reynolds number for the rectangular tube, 
D _ u m D h _ m/sx 0.00256 m 

Ke D ^—^ — y/j 

v 8.58x10 VvVs 

where 

Dh = 4 A c / P = 4 (6.4 mm x 1 .6 mm) / 2 (6.4 4- 1 .6) mm = 2.56 mm 
A c =("6.4 mm x 1.6 mm) = 1.024 < 10 _ 'ni 2 

u m = m ; pAc = V/A c = 200 m*/6G s^lO^m 3 / m^/1.024xl0 _5 m 2 = 0.326 mfs. 

Hence the flow is laminar, but assuming fully developed flo\v with an isothermal surface from Table 
8.1 with b/a = 6.4/1.6 = 4, 

m hD h aaa t, 4.44x0.613 W/m-K ..„„„ 2 „ 

Nun = — — = 4.44 h = = 1 063 W.'m - K. 

k 0.00256 m 

Continued 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM S.SO (Con!.) 

From Eq. (1) with 

A % = PL = 2(6.4+1.6)xl0 _3 mx.L=1.6*10 _2 L 

m = pA c u m = 997 kg/m 3 x 1 .024 x 1 CT 5 m 2 x 0. 326 rn.-'s = 3.328x1 0 _i kg/s 
the length of the rectangular tubing can be found from Eq. (1 ) as 

3.328 k 10~ 3 kg/s x 41 79 J.'kg ■ K (37 - 10') K = 1 063 W/m 2 ■ K x 1 .6 x 1 0" 2 Lm 2 < 1 L . 7 K 

L = 1.9m < 
(b) C onsider these comments with regard to whether the analysis under- or over-estimates the length, 

=> With Xfij.b ~ O.OSE^Res = 0. 12 m and Xflj = xf^Pr =0.73 m, the thermal development may 

not be negligible and would contribute to increasing heat transfer: the present analysis 

over predicts the length, 
=> negligible tube wall resistance - depends upon materials of construction; if plastic. 

analysis under predicts length, 
=> negligible thermal contact resistance between tube and heating plate - if present, analysis 

under predicts length. 
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PROBLEM 8.81 

KNOWN: Coolant flowing through a rectangular channel (gallery) within the body of a mold. 
FEND: Convection coefficient when the coolant is process water or ethylene glycol. 
SCHEMATIC: 

T s = 140 °C 




9.5 mm 



ASSUMPTIONS: (1) Gallery can be approximated as a rectangular channel with a uniform surface 
temperature, (2) Fully developed flow conditions. 

PROPERTIES: Table A.6, Water (T m = (140 - 15)°C/2 = 350 K): p = 974 kg/m 3 , u = 365 x 10" fi 
n-s/m 2 , v = ji/p = 3 749 x 10"' oris, k = 0.668 W/m-K, Pr = 2.29; Table AS, Ethylene glycol (T m = 350 
K): p = 1079 kg.'m\ v = 3.17 x 10" 5 nrvs, k = 0.261 W/m-K, Pr = 34.5. 

ANALYSIS: The characteristic length of the channel, the hydraulic diameter. Eq. S.66, is Djj = 4A C /P 
where Ac is the cross-sectional flow area and P is the wetted perimeter. For our channel 



D h : 



4(axb) 4x0.090mx0.0095m 



0.0172 m 



^a+b) 2(0.090-0.0095jm 

For the water coolant, from the continuity equation, find the Reynolds number to characterize the flow 
V L3xlO~ 3 m 3 /s 



11 m 



0.090 mx 0.0095 m 



= 1.52m/s 



ReDh ^Hmgh = 1.52W,x0.0l ? m =69736 
v 3_749xl0 'm 2 /s 

Since the flow is turbulent, and assuming fully developed conditions, use the Dittus-Boelter correlation, 
Eq. S.60. to estimate the convection coefficient, 

Nu Dh =^- = 0.023 Re^Pr 0 - 4 = 0.023(69, 736) 0S (2.29) 04 = 240 



h w = 



x240 =9326%7ni K 



0.0172 m 

Repeating the calculations using properties for the ethylene, glycol coolant, find 
Re Dn = B. 247 Nu Dn =128 h eg = 1 957 w/ in 2 K 



< 
< 

Continued.. 
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PROBLEM S.S1 (Cant.) 



COMMENTS : (1) The convection coefficient for the ■water coolant is more than 4 tunes greater than 
that with the ethylene giycoi coolant. The corrosion protection afforded by the latter coolant greatly 
compromises the thermal performance of the gallery. In such situations., it is useful to explore a 
compromise between corrosion protection and thermal performance by using an aqueous solution of 
ethylene glycol (S0%-50% : for example). 

(2) Reco guize that for the ethylene glycol coolant calculation the Reynolds number is slightly below the 
lower limit of applicability-' of the Dittus-Boelter correlation, and the Guielinsla correlation would be more 
accurate. 
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PROBLEM 8.82 

KNOWN: Dimensions, surface temperature and thermal conductivity of a cold plate. Velocity, inlet 
temperature, and properties of coolant. 



FIND: (a) Model for determining the heat rate q and outlet temperature. T^, 
prescribed conditions. 



(b) Values of q and T^o for 



SCHEMATIC: 



(H- 




5 = 4mm. h = w = 6 mm 
H= 10 mm. W= 100 mm 
N= 10, S = WW =10 mm 



u 



= 2 m/s, 7, 
360 K 
= 400 W/m K 



300 K 



ASSUMPTIONS: (L) Steady-state conditions. (2)Ineampressible liquid with negligible viscous 
dissipation. (3) Constant properties, (4) Symmetry about the midplane (horizontal) of the cold plate and 
the midplane (vertical) of each cooling channel, (5) Negligible heat transfer at sidewalls of cold plate, (6) 
One-dmiensional conduction from outer surface of cold plate to base surface of channel and within the 
channel side walls, winch act as extended surfaces. 



PROPERTIES 

W/raK Pr = 3.15 



Water (prescribed): p = 984 kg/m\ c p = 4184 J/kg-K u = 489 x 10" s N-Cir/ k = 0.65 



ANALYSIS: (a) The outlet temperature, Tu, maybe determined from the energy' balance prescribed by 
Eq. S.4:"b. 



^s T m 0 

T — T ■ 
1 s L m.,i 



expi - 



1 



\ m L c p R tot; 



where m 1 = pu m A c is the flowrate for a single channel and Rt ot is the total resistance to heat transfer 
between the cold plate surface and the coolant for a particular channel. This resistance may be 
determined from the symmetrical section shown schematically, which represents one-half of the cell 
associated with a full channel. With the number of channels (and cells) corresponding to K = W/S. there 
are 2N= 2(W/S) symmetrical sections, and the total resistance R :o - of a cell is one-half that of a 
symmetrical section. Hence, R- C . r = R= ; .'2. where the resistance of the symmetrical section includes the 
effect of conduction through the outer wall of the cold plate and convection from the inner surfaces. 
Hence. 



R, 



_(H-h)/2 1 



kcp(SW) ? 0 hA r 



where A = A f + A 3 = 2(h/2 x W) + (w >: W), h is the average convection coefficient for the channel flow, 
and r\ 0 is the overall surface efficiency. 

Af 

A t 



Continued.. 
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PROBLEM 8.82 (Cont.) 

The efficiency r| : - corresponds to that of .1 straight, rectangular fin with an adia.ba.tic tip, Eq. 3.89, and L ; = 
w/2. With D h = 4A C /P = 4w-/lw = w = 0.006 ni , Re D = pv^^j ts = 984 kg/m 5 x 2 m's x 0.006 
nv'4&9 x 10" 6 N s/nr = 24,150 arid the channel flow is turbulent. Assuming fully-developed flow 
throughout the channel, the Dittus-Boelter correlation. Eq. 8.60, may therefore be used to evaluate h , 



where 



NuD * Nu D> fd = 0.023 Rej^ 5 Pr 0 4 



The total lieat rate for the cold plate may be expressed as 

q = Nqj = NrhjCp (T nl 0 - T m l ) 
(b) For the prescribed conditions', 

ill, = pu m A c = 984 kg/ m 3 ( 2m/s)(0.006m) 2 = 0.07Q8kg/s 

Nud =0.023(24, 150) 4 '' 5 (3. 15) 0 4 " =116.8 

h=116.Sk/D h = 116.8(0.65 W/m K)/( 0.00dm) = 12,650 w/m 2 K 

A f = 2 (h/2 x W) = 2 (0.003 m x 0. Lm) = 6 x 10 -4 tn 2 

A t =A f +A b = 6xlO _4 ni 2 +(Q.00fi 111 x 0.1m) =1.2 xlO~ 3 rn 2 

With m = (hP f /kcpAtf j 1 '' 2 = [h(2<5 + 2Wyk cp (<SW)] L ' 2 = [12,650 W''m 2 K(O.O08 + 0.2OO)m/400 

W/m-K(0.0O4 x O.100)m 2 ] 1 ' 5 = 128.2 m" L . 

taiihmfh/2) tanh(l 28.2x0.003) 0 366 

w f = 7^7-^= = = 0.952 

m(h/2J 128.2x0.003 0.385 

r} 0 =1-0.5(1 -0.952) = 0.976 

(0. 010-0. 006) m/2 1 



SS 400W/m-K(0.01mx0.1m) 0 .976(l2650 w/m 2 -k)i.2x10"V 

R, 5 = (0.005 - 0.0675) K/W = 0.0725 K/W 
With R,ot = R, 5 /2 = 0.0362 KW, 

Ti_Tm '° ,1 — . . .Mi 



'( 0.070S kg/s x 41 84 J/kg-Kx 0.0362 K/w) 



T m.o ^T, -0.91l(T 3 -T mi ) = 360K-0.911(360-300)K = 305.3K < 
The total heat rate is 

q = KwyCp (T m _ 0 -T m>i ) = 10x0.0708kg/sx4184J/kg K(305. 3 - 300)K = 15,700 W < 

COMMENTS: The prescribed properties correspond to a value of T m wliich significantly exceeds that 
obtained from the foregoing solution (T m = 302.6 K). Hence, the calculations should be repeated using 

more appropriate thermophysical properties (see next problem). From Eq. 3.85, the effectiveness of the 
extended surface is 

fi=R tb /R C;f =(hJW) _1 /(hA f )7 f ) _1 =(A f ij t fsw) = ^6 xlO 4 in 2 x 0.954^(0.004 in x 0.10 in ) = 1.43. 
Hence, the ribs are only marginally effective m enhancing heat transfer to the coolant. 
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PROBLEM 8,83 



KNOWN": Geometry, surface temperature and thennal conductivity of a coidpiate. Velocity and inlet 
temperature of coolant. 

FIND: Effect of channel width on total heat rate. 



SCHEMATIC: 



w/2- 



h.T„ 



TT 

1 



s = 
fl = 



4mnn. /? 
10 mm, 
= 2 m/s, 7 m = 
= 360 K 
= 400 W/m K 



= 6 mm 
W= 100 mm 
7™, = 300K 



ASSUMPTIONS: (1) Steady- state condition*. (2)Incompressible liquid with negligible viscous 
dissipation (3) Constant properties, (4) Symmetry about mtdplane (horizontal) of the cold plate and the 
imdplane (vertical) of each channel. (5) Negligible hear transfer at side walls of cold plate, (6) Gue- 
dimensional conduction from outer surface of cold plate to base surface of channel and within the channel 
side walls, which act as extended surfaces. 

PROPERTIES: Water: Evaluated at T m using the Properties Toolpad of IHT. 

ANALYSIS : The model developed for the preceding problem was entered into the workspace of IHT. 
with the Dittus-Boelter equation and exponential relation accessed from the Correlations Toolpad and 
modified to account for the hydraulic diameter and the total resistance to heat transfer. Calculations were 
performed for 



Case "_ 
Case 2 
Case 3 
Case 4 
Case 5 



w = 96 mm N = 1, S = W = 100 mm 
w = 46 mm. N = 2, S = 50 mm 
w = 21 mm N = 4, S = 25 mm 
w = 6 mm. N = 10, S = 10 mm 
w = 1 mm, N = 20, S = 5 mm 



and the results are tabulated as follows. 



Case 



Dt (m) 



Re D 



i(w/m 2 K\ 



WK) q(W) 



1 


1 


0.01129 


26,920 


8783 


302 1 


10,090 


: 


2 


0.01062 


25,310 


8S92 


302.3 


10,370 


3 


4 


0.00933 


22,340 


9142 


302.6 


10,960 


4 


10 


0.00600 


14,630 


10.070 


304.3 


12,950 


5 


20 


0.00171 


4760 


13,740 


31 '.2 


17.160 



It is clearly beneficial to increase the number of channels, with the total heat rate increasing by 
approximately a factor of 5 as N increases from 1 to 20. Hie heat rate may be increased further by 
increasing u^, and hence the flowrate per channel although an upper limit would be associated with the 
pressure drop, winch would mcrease with decreasing D- s . Could additional heat transfer enhancement be 
achieved by altering the thickness 3 of the channel walls 0 

COMMENTS: (1) Note that results obtained for Case 4 differ from those of the preceding problem due 
to different fluid properties. In this case the properties were evaluated at the actual value of T m = 302.2 
K. rather than at an assumed (significantly larger) value. (2) Note that the Dittus-Boelter correlation is 
applied outside its intended range for the Remolds number of case 5. The Gmelmski correlation would be 
preferable. 
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PROBLEM 8.84 



KNOWN: Heat sink with 24 passages for air flow removes power dissipation from circuit 
board. 

FIND: Operating temperature of the board and pressure drop across the sink. 
SCHEMATIC: 



XttsuIbHoti 




Channel , f24 -total) J 

mm 

Circuit board \ SOW cftttipa+iorr J T^ 
Air ffow: l^ T j=27°C l Q~ 



ASSUMPTIONS: (1) Steady-state conditions. (2) Ideal gai> with negligible viscous 
dissipation and pressure variation, (3) Negligible thermal resistance between the circuit 

boards and air passages, (4) Sink surface and board are isothermal at T s . 

PROPERTIES: Table A-4, Air (T * 310 K,l ata): p = 1.1281 kg/m 3 , c p = 1008 J/kg-K, v 
= 16.89 x 10" 6 m 2 /s, k = 0.0270 W.m K, Pr = 0.706. 
ANALYSIS: The air outlet temperature follows from Eq. 8.41b, 

PLh ' 



^s — Tjj, i 



= exp 



The mass flow rate for the entire sink is 

m = = 1 . 1281 kg/m 3 x 0.060 m 3 / s = 6.77 x 1 O -2 kg/s 
and the Reynolds number for a rectangular passage is 

where = 4A C / P = 4 (6 mm x 25 mm) / 2 (6 + 25) nun = 9.68 mm 
m/24 6.77 xlO -2 kg/s/24 



P A c 1.1281 kg/m 3 (6x25) xlO^ m 2 



= 16.7 m = 



16.7 m/sx9.6SxlO m „ c „, 
giving Re D = — = 9571. 

16.89x10 0 m 2 /s 

Assume the flow is turbulent and fully developed and using the Dittus-Boelter correlation 
(with Re n close to 10,000) find 

Nu D = 0.023Re 4/5 Pr 04 = 0.023 (957 1) 4 '' 3 (0.706) 0 " 4 = 30.6 

h = Nj L k = 30.6<0.027W/m.K =8S _ 4WAn2 ^ 



D h 



0.00968 in 



Continued 
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PROBLEM 8.84 (Coiit.) 
From an overall energy balance on the sink. 



q = mcp(T nlc ,-T ml 



Tnio^Tnii+^'n 1 c p 



Vo = - 7= c + 50 W/6.77 x 10 2 kg's <100S J/kg - K = 27.73°C 
Hence, the operating temperature of the circuit board for these conditions is 

T s - 27.73 



- = exp 



s-27 



2(6+25)>10 3 mx0.150mxS5.4 W/m 2 -K 



f 6. 77 < 10 2 kg/s/24 J x 1008 J/kg - K 



T S = 30°C. 



The pressure drop iii the rectangular passage for the smooth surface condition follows from 
Eqs. E.22 and £.20 



Dh 



where 



f = 0.31 eRe^' 4 =0.316(9554) 1/4 =0.0320. 

1.1281 kg.™ 3 ( 16.7 mV) 2 7 

Ap = 0.0320 ± '— x 0. 150 m = 1 5 6 X/uf . < 

0.0096S m 

COMMENTS: (1) The analysis has been simplified by assuming the channel is rectangular 
and all four sides experience heat transfer. Since the insulated surface is a small portion of 
the total passage surface area r the effect can t be very large. 

3 

(2) The power required to move the air through tbe heat sink is P e i ec = V Ap = 0.060 m /s x 
156N/m 2 = 9.4 W. 
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PROBLEM 8.85 

KNOWN": Channel formed between metallic blades dissipating heat by internal volumetric generation. 

FIND: f a) The heat removal rate per blade for the prescribed thermal conditions and (b) Tune required 
to slow a tram of mass. 10 s kg from 120 km/h to 50 km/h. 

SCHEMATIC: 

— 6 = 4mm 

'SSSSS/SSSSSS; 

Blade, N = 2000, 
T~ s = 600 °C, L = 70 mm 



a = 220 mm 




Inlet conditions, 



50 m/s 



ASSUMPTIONS: (1) Steady-state conditions for channel blades and air flow. (2) The blades form a 
channel of rectangular (a x b) cross-section and length L, (3) Ideal gas with negligible viscous dissipation, 
pressure variation, and axial conduction, and (4) Fully developed flow conditions in the channel. 

PROPERTIES: Table A. 4, Air (T m s 350 K, 1 atm): P = kg/m 5 , c p = 1009 J/ks -K v = 20.92 >: 
10"* mVs, k = 0.030 W/m-K, Pr = 0.700. 

ANALYSIS : (a) Tlve heat removal rate by the air from a single channel (one blade) follows from an 
overall energy balance, 

q = mc p (T m;0 -T ml ) 

where the outlet temperature can be determined fromEq. 8.41b, 



T -T 
H i m.o 

T — T ■ 



PL r 
= expi li 



The hydraulic diameter. D_. follows from Eq. 8.66, 

4A^ 4Qt*b) = 4(0.220x0.004) m 2 
P 2(a+b) 2(0.220+ Q.004)m 

Assuming T m = 3 50K , the Reynolds number is 

ReD ^^^ 0m / S , 0.0079 m =1U79 
v 20.92-; 10 b m'h 



Lsmg the Dirtus-Boelter correlation Eq. 8.60, 



Nu Dh 



hD h 



= 0.023 ReJJ P r 0 - 4 = 0.023(18,779)"-" (0.700 



,0.8 



,0.4 



: 52.37 



il) 
(2) 

(i) 
(4) 



P) 

Continued.. 
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PROBLEM 8.S5 (Conr.) 



- = 0030W/ m .K x5237=199w/ni2K 
0.0079m ' 

Hence, the outlet temperature is 



600 -T mo f 2(0.220 + 0.004)mx 0.070m y 2 " 

; — = expi — — 1 199 wf m~ -K 

(600-25)° C V. 0.0438kg/ S xl009J/kg-K 



where 



T m;O =100.7 ; C 



m = p.^ii m = 0.995 kg/nf x {0.220 x 0.004) m : x 50 m/s = 0..0438 kg/s 



and the rare of heat removal per blade, from Eq. (L). is 

q = 0 0438kg/s x 1009 j/kg - K (1 00.7 - 25 )° C = 3.346k\V < 

(b) From an energy balance oil the locomotive over an interval of time, At, the heat energy transferred to 
the air stream results in a change in kinetic energy of the train, 

-E out = AE = KEf - KEj (6) 
-(qxN)xAt=|M(v f 2 -\f ) 



-3346 W/bladex 2000bladfisxAt(s)= ^xl0 6 kg 



At = 69s 



( 50, 000 Y ( 120, 000 j 2 
I. 3600 J { 3600 J 



2/2 
m is 



COMMENTS: (1) For the channel, L/l>, = 0.070 m/0.0079 m = S.9 < 10 so that the assumption of fully 
developed conditions may not be satisfied. Recognize that the flow at the channel entrance may be highly 
turbulent because of the upstream fan swirl and ducting. 

(2) What benefits could be realized by increasing the heat transfer coefficient 11 Aside from increasing 
velocity 7 , what design changes would you make to increase h 9 

(3) Our assumption for T ln = 3 50 K at which to evaluate properties is reasonable considering = 
(100.7 -25)°C/2 = 335 K. 
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PROBLEM 8.86 



KNOWN: Power dissipation of components on each side of a hollow core PCB. Dimensions of PCB. 
Inlet temperature and flow rate of air. 

FIND : Outlet air temperature and inlet and outlet surface temperatures for prescribed flow rates. 
SCHEMATIC: 



H = 4 mm 

T 

L = W = 0.3m 



J 



■ m,o 



q 1 ^ 



qs q=40W 



t T m,i = 20°C ! m = 0.002, 0.01 kg/s 



ASSUMPTIONS: (1) Steady flow. (2) Ideal gas with negligible viscous dissipation and pressure 
variation, (3) Channel may be approximated as infinite parallel plates. (4) Uniform surface heat flux. 
(5) Fully developed flow at exit, (6) Constant properties. 

PROPERTIES: Table A-4, Air{T m * 310K): p = 1.128 kg/rn 3 . c p = 1007 J.keK, p = 189.3 x 10"' 
N-s/m 2 = k = 0.0270 W/m-K = Pr = 0.706. 

ANALYSIS: Performing an energy balance for a control surface about the hollow core, 2q = tiiep 
( T m,o - Vi ) ' m whkh case 



SOW 



0.002kg/ sxl007 J/ kg -K 



+ 20°C = 59.7°C 



The surface temperatures may be obtamed from Newton' s law of cooling, q* = h (T 5 - T m ) . Hence, 
with h — » 2c at the entrance, where the thermal boundary layer thickness is zero. 



T s,i 



1 rn,i — 



With Re D = p UmDh.^ = m C^/A; ft, where Dt, = 2H = O.OOSm and A r _ = Hx W = 0.004m x 0.3m = 

0.00 12m~, Reo = {0.002 kg/s :< 0.008m)/(0.0012m" x 189.3 x 10"'' N-s/trf) = 704 and the flow is 

i 2 

laminar. With a uniform surface heat flux, q| = q/(W x L) = 40 W/(0.3m)~ = 444 W/'m , Table 8.3 

yields Nurj =8.23. Hence, 

. N "D k 8.23x0.027W/m-K . 2 „ 

h = = = 27.8 W: in K 



Dh 



O.OOSm 



T -T +5§_ = 7 a C 



444 W.W 



h 27.8 W/m- -K 

If the flowrate is increased by a factor of 5, 

2q lT SOW 



LUC, 



0.01 kg / s x 1007 J/ kg -K 



= 75.7°C 



- + 20 3 C = 27.9°C 



Hie surface temperature at the inlet is unchanged, 



Continued 
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PROBLEM S.S6 (Coiit.) 



T si = 20 C C 



bur with RfQ = 3520, flow 111 the channel is now turbiileut. Using Eq. (8. SO) ai a first approximation, 
f i *t 



m 2 -K 



h = [JL k023Re^ 5 Pr 0 - 4 =f "° ° 2? W m ' K Vd23(3520)^ (0.706 f 4 = 46.4W/ 

Ts 0 = T m 0 + f- = 27.9°C + 444W/ 'f = 37.5°C < 
h 46.4W/m Z K 

COMMENTS: (1) With UD^ = 37.5 and L/D^ s; 0.05 Re D Pr = 25 for the laminar flaw, it is 
reasonable to assume fully developed conditions at the exit. The same may he said for the turbulent 
flow condition. (2) The temperature difference. T s - Tm, increases from approximately 0 at the 
entrance to a maximum value associated with fully developed conditions. (3) The Gmelinski 
correlation would be more appropriate than the Dittus-Boelter correlation because of the low (but 
turbulent) flow indicated by the value of the Reynolds number. 
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PROBLEM S.S" 



KXOWN: Printed-circuit board (PCB) with uniform temperature cooled by laminar, fully 
developed flow in a parallel-plate channel. Hie air flow with an mlet temperature of T^j is driven by 
a pressure difference, Ap. 

FEND : Tlie average heat removal rate per unit area, q£ j W / m^' ] , from the PCB. 

PCB. T s = 65°C. % Insulation 



SCHEMATIC: 

(£> 

T mpi = 2C°C 
Ap = 2 N/m2 




5 mm 



1 50 mm 



ASSUMPTIONS : (1) Laminar, fully developed flow. (2) Upper and lower walls of the channel are 
insulated and of infinite extent in the trans verse direction, (3) PCB has uniform surface temperature. 
(4) Constant properties. (5) Ideal gas with negligible viscous dissipation. 

PROPERTIES: Table A-4, Air (T m = 293 K, 1 ami): p = 1.192 kg/m J , c p = 1007 J/kg-K, v =1.531 
x 10 5 m 2 /s. k = 0.0258 W/'m-K, Pr = 0.709. 

ANALYSIS: The energy equations for determining the heat rare from one surface of the board are 
Eqs. 8.34 and 8.41b 



q = in c p (T m o - T m>1 J = q- A s 



T t -T, 



m.o 



^s T m ; 



exp, - 



PfcLh 



(1) 

(2) 



where A s = Lw and P = w, since heat transfer is only from one surface, where w is the width in the 
transverse direction. For the fully developed flow condition the velocity is estimated from the friction 
pressure drop relation, Eq. 8. 22a, 



Ap = f(/7u nl /2j(L/a h ) 



(3) 



where the hydraulic diameter for the channel cross section is 



D h : 



4 A, 



4(wa) 



= 2a 



si « w 



P 2(w+a) 

The friction factor f from Table 8.1 for the cross section b/a = x is 

f-Re Dh =96 
where the Reynolds number is 

Re Dh =«m D h / ' 1 ' 



Cor.tnr.ied . 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM S.S7 (Cont.) 

and the flow rate through one channel is 

m=pA c u m = /?(wa)u ra (6) 
For fiilly developed Laminar flow from Table 8.L. 

Nu D = hD n /k = 4.86 (7) 
Substituting Eqs. (4) and (5) into Eq. (3) and solving for u^ yields 

u m = ApD j] / 48v pL = 2N / m 2 x (0 .0 lm) 2 i 48 x 1 . 53 L x 1 Ef 5 m 2 / s x 1 . 1 92kg / m 3 x 0 . 1 5m = 1 . 5 2m / s 
Re - u m D k / v = 1 52m/ s x O.Qlm/1 .53 lx 10" 5 m ; / s = 994 

Thus the flow is laminar, as assumed. From Eqs. (6). {7), and (2), m/w = pu^a = 1.192kg. ; m J x 1.52 
m/s, x 0.005 m = 0.00907 kg.s-m. h = Nunk/Dj, = 4.86 * 0.0258 W/m'K/O.Olm =12.5 W/iir'K. T^ 

= T s - (T s - T m .>xp(-Lh /{ ih /w)c p ) = <55°C - 45°Cexp(-0.15m x 12.5 W/nr-K/Q. 0090 7kg/s ^mx 1007 
J/kg-K) = 284°C_ 

From Eq. (1) 

q ' = — c p (T„, 0 - T m , ) = 0 . 00 907 kg / m - * x 1 007 J / kg ■ K x (2 8.4 - 20)°C = 76. 5 W / m . 
q"=q7'L = 510\\7ni 2 

COMMENTS: (1) The thermophysical properties of the air are evaluated at the average mean 
temperature, T m = (T^ + T m ^2. 

(2) The fully developed flow Length, xfd.t, for the channeL foLLows from Eq. 8.23, 
xf(j t = &h x0.05ReDi 1 Pr 
x a t = 2x 0.010 mxO.05 x 7954 x 0.709 = 5.6 m 

Since L « xfit, we conclude that the flow is not likely to be fully developed. 
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PROBLEM S.SS 
KNOWN: Inner and outer tube surface conditions for an annulus. 

FIND: (a) Velocity profile, (b) Temperature profile and expression for inner surface Nusselt number. 
SCHEMATIC: 




T m — >j_ J —^m* d ^m 

77777OT77777777777777777777T 



AS SUMPTIONS: (1) Steady- state conditions. (2) Laminar, fully developed flow, (3) Uniform hear 
flux at inner surface, (4) Adiabatic outer surface, (5) C onstant properties. (6) Applicability of Eq. S.34. 

ANALYSIS: (a) From Section 8.1.3, the general solution to Eq. 8.12, which also applies to annular 
flow as represented in Figure 8.11, is 



ji/' v dx,J 4 



if dp 
fi { dx 

Applying the boundary conditions 

»(s)=o 



q = ±\*L) 5L +Cl&]q+C , 



u(r o ) = 0 



4 



■Ci £nr 0 + C 2 - 



Heuce. 



Ci = 

In q : r 0 

and the velocity disrribution is 



-f— 1 




2-^ 




4 


4 



4 /I l ,dx; 



"I 

4 4 



u(r} = 



f-dp] 




+ 1 f dp l 




in r 


v dx J 


4 4 


M \ dx J 


4 4 


fn (q/ib) 



u I. r } = 



Tq /dp 
4// l.dx 



i i i \2 .fa'*) 



fn r n 



fn (q/ro) 



In (q/r c ) 



£n(r/'r 0 ) 



(1) < 



(b) For folly developed conditions with uniform surface heat flux, 
v = 0 d T/t? x = d.T m / dx = const. 



Continued . 
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PROBLEM S.SS (Coiit.) 

Hence, fromEq. 8.48, which also applies for annular flow. 



r d i \ 3 i } a 



dT, 



m 



dx 



Substituting the velocity distribution, with 



Cl | C 2 : 



(2) 



it follows that 



7 7i l*£)-T ^['-^) 2 ^ 

J 



r 3 T _ C]_ dT m j. 
3 r a dx 



r-— +C2rfn— | dr + C 3 



^T = Ci_ dj^ 
<? r or dx 



- + C-J 



4tf 



2 u. 



9l 
r 



and the temperature distribution is 
, )= Ci dV [>_ 



16r 0 " 



( 2 

,4 r 0 



-C3 fnr + C4. 



(3) < 



From the requirement that q c = 0, it follows that c T/c r) =0. Hence, 



c: l dT m 



a 



dx 



3=0 



c 3=- ^ t (C2_1 >- 

Cf dx 4 
From the condition that T(r t ) = it follows that 



a dx 



4 16 rj 



r- r r 
4 r n 4 



+ C3 fnq. 



(4) < 



(5) < 



From Eqs. 8.67 and 8.69, the inner surface Nusselt number is 



k k(T Sii -T m ) 



where E>h = 2(r 0 - ijj. To obtain a workable fonnofNuj, the mean temperature T m must be evaluated. 

This may be done by substituting Eqs. [1) and (3) into Eq. 8.26 and evaluating 1^ by substituting Eq. 
(1) into Eq. 8.8. Since the integrations are long and tedious, they are not provided. 

COMMENTS: From an energy balance performed for a differential control volume in the annular 

region, dT m dx = 2^ t p Cp u m (r^ - 1^ J. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 8.89 

KNOWN: Inlet temperature, pressure and flow rate of air. Aunuhis length and tube diameters.. 
Pressure of saturated steam. 

FIND : Outlet temperature and pressure drop of air. Mass rate of steam condensation. 
SCHEMATIC: 

W-y/-y/.y/.:'/;/A:--//. _ ^v/yyyy,yy/-y/-yy.y/ _ 



f SaL 
p = 2.455 bar steam 

m = 0.03 kg/s <C~Air v > 
Pi = 5 atm 



Di = 0.050 m 



D n = 0.065 m 



L = 5m H 



ASSUMPTIONS: (1) Steady- smte, (2) Outer surface of annuhis is adiabatic. (3) Air is ideal gas with 
negligible viscous dissipation and pressure variation, (4) Fully developed flow throughout annulus. (S) 
Smooth annulus surfaces, (6) Constant properties. 

PROPERTIES: Table A-4. air (T m = 325K, p = 5 atm): p- 5 ;< p(l atm) = 5.391 kg/m J , c p = 
1008 J/kg-K, u = 196.4 * 10" 7 N-s/m 2 , k = 0.0281 W/m-K, Pr = 0.703. roi/e^-rJ, sat. steam 
(p = 2.455 bars): T, = 4GGK, h fg =2183 kJ/kg. 

ANALYSIS: With a uniform surface temperature, the air outlet temperature is 



Vo =T r( T i-ViW 



>tD; L — 1 
mC P J 



With A £ = jt (d 2 - Df j / 4 = 1.3 55 x 10 3 in 2 , D h = D 0 - D i = 0.0 1 Sin and Re D = pa m T>-^ i ft 
= inDjj = 16,900. the flow is turbulent and the Dirrus-Boelter correlation yields 



f t 1| 4/5 04 ( 0.0281W/m-KA . v4 / 5 , v0 4 

0.023 Rex} Pi' = 0.023(16.9001 " (0.703) = 90.3 W im~ K 

. D h ' V. 0,015m J 



^ Q = 127-C - (lWC ) exp 



>t x 0.05m x 5m x 90.3 W .' m" ■ K 



116.5°C < 



D.O3kg/sxlO0SJ /kgK 
The pressure drop is Ap = f | pa^ / ID^ } L : where, with u m = mf pA c = 0.03 kg fs / 
[ 5.391 kg / m 3 x 1 .3 55 x 1Q~ 3 m 2 J = 4.1 1 m / v, and with Re D = 1 6, 900, Fig. 8.3 yields f * 0.026. Hence, 



Ap s 0 .026 x 5 .391 kg im 



3 {4.11in/s) 5m 



395N/in" = 3.9*10 atm 



2 x 0.015m 
The rate of heat transfer to the air is 

q = oiCp (X^ 0 -T^j ) = 0.03 kg/ s x 100S J .■' kg ■ K(99.5°C) = 3009 W 

and the rate of condensation is then 



3009 W 



1.31x10 3 kg/s 



h fg 2.1S3 >; 10 d J/ kg 

COMMENTS: (1) With T m = ( T m ; + T m 0 ) ■ 2 = 340K, the initial estimate of 325K is too low and an 
iterative solution should be obtained, (2) For a steam flow rate of 0.01 kg-'s, approximately 14% of the 
outflow' would be m the form of saturated liquid. (3) With LT>h = 333, the assumption of fully 
developed flow throughout the tube is excellent. 
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PROBLEM 8.90 



KXO\17v": Dimensions and surface thermal conditions for a concentric tube annulus. Water flow rate 
and inlet temperature. 

FEND: (a) Tube length required to achieve desired outlet temperature, (b) Inner tube surface 
temperature at outlet. 

SCHEMATIC: 

m-0.04kg/s 

£; = 0.02Sm 




ASSUMPTIONS: (L) Steady- state conditions, (2) Uniform heat flux at inner surface, (J) Adiabatic 
outer surface. (4) Fully developed flow at exit, (5) Constant properties, (6) Incompressible liquid with 
negligible viscous dissipation. 

PROPERTIES: Table A- 6. Water (T m = 32SK) : c p = 4183 JVkg-K; (T m>0 = 358K): u = 332 x 

L0"' J K s m". k = 0.675 W m-K, Pr = 107. 
ANALYSIS: (a) From the overall energy balance, Eq. 8.34, 
q = q{L=mc p (im^-T^) 

mcp (Vo-T^i) (0.04 kg/s) 4183 J/kg K (85-25)° C 
L = = ■ = 2.51 m. ~ 



1i 

(b) From Eqs. 8.1 and 8.5, 

P u m D h _ 111 D h 



Re D 
RfiD = 



4000 W/m 
(Do-Dr) 



4 m 



ft A c ft (jr/4) j D 2_ D 2j A tt(D 0 +D 1 )m 

4x0.04 kg/s 



jr(0.075 m)332xlO~ C, kg/'s m 



= 2045. 



Hence the flow is laminar, and with Dj/D 0 = 0.5, it follows from Eq. 8.72 and Table 8.3 
Nui =Nu 11 = 6.24 

hj = 6 . 24 JL = 6 24 0-673 W/m-K = ^ ^ ^ 
D]j 0.025 m 

From Eq. 8.67, 

T ,'Li-T -^-T + ^ /jtDi 
*s.i -H _ -mho , _ 1 m,o r , 

h i h i 



T M (L) = 85°C-f-- 



4000 W/m 



igg c < 

jt (0.025m) 168 W/m" K 

COMMENTS: Unless the water is pressurized, local boiling w r ould occur at the tube surface, causmg 

hi to be larger. 
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PROBLEM 8.91 




KNQV\~X: Heat rate per unit length at the inner surface of an annular recuperator of 
prescribed dimensions. Flow rate and inlet temperature of air passing through annular region. 

FIND: (a) Temperature of air leaving the recuperator, (b) Inner pipe temperature at inlet and 
outlet and outer pipe temperature at inlet. 

SCHEMATIC: 

? JbS* 

ASSUMPTIONS: (1) Steady- state conditions, (2) Constant properties, (3) Uniform hearing 
of recuperator inner surface, (4) Adiabatic outer surface, (5)Air is ideal gas with negligible 
viscous dissipation and pressure variation, (6) Fully developed air flow throughout. 

PROPERTIES: Table A-4 ; Air j T m = 500K ) : c p = 1030 J/kgK, Li = 270 x 10" ? N-s/m 2 , k 
= 0.041 W/ni-K, Pr = 0.6S. 

ANALYSIS; (a) From an energy balance on the air 
qi L=rh a Cp^jTa^-T^i ) 

t t qjL 3nmy , 1.25*10^.^x7^ <r 

T a 9=T a iH — — = 300K + = 7Q4.5K. < 

R ' 1 m a c p>:i 2. 1 kg/s x 1 030 J/kg ■ K 

(b) The surface temperatures may be evaluated from Eqs. 8.67 and 8.68 with 
D /> u m D h m a <D 0 -Dj) 4m 3 4(2.1 kg/s) 



* (>/4) ( D 2 - D 2 ff ( D o + D i } ,t (4.05m ) 270 x 10 7 N - s/m 2 

Re D =24,452 
the flow is turbulent and from Eq. 8.60 

hi *h c * Ao.023 Reg' 5 Pr Q - 4 =°-°^ K 0.023(24,452 ) 4/5 (0.68) 04 = 52 W/m 2 K 

With q* = q[ / ^ Di = 1 .25 x 1 0 5 W/m' x 2m = 1 9,900 W/m 2 
Eq. 8.67 gives 

( T s.i - T m ) = q* hi = 1 9, 900 W/m 2 / 52 W/m 2 - K = 383K 

T sU =6B3K T si=2 =1087K. < 
From Eq. 8.68, with q£> = 0, f T s>0 -T m ) = 0. Hence 

T s>o>1 =T a> , = 300K. < 
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PROBLEM 8.92 

KNOWN: A concentric tube arrangement for removing heat generated from a biochemical reaction in 
a settling tank. Water is supplied to the annular region at rate of 0.2 kg's. 

FIND: (a) Hie inlet temperature of the supply water that will provide for an average tank surface 
temperature of 37°C; assume and then justify fully developed flow and thermal conditions: and (b) 
Sketch the water and surface temperatures along the flow direction for two cases: the fully developed 
conditions of part (a), and when entrance effects are important. Comment on the features of the 
temperature distributions, with particular attention to the longitudinal gradient on the lank surface. 
What change to the system or operating conditions would you make to reduce the gradient 11 



SCHEMATIC: 



f s = 37 !1 C D = 100 mm 



Q*£> ^^^^^^^ ^^^^^^^^^T, 



m = 0.2 kg/s 

T m ,i = ? Reaction tank q = 1x10 5 W/m 3 



-i □ 



iSS D; = 80 mm 
-> x L = 1 m 



ASSUMPTIONS : (1) Fully developed flow and thermal conditions, (2) Inner annulus surface has 
uniform heat flux, while outer surface is insulated, (3) Constant properties, (4) Incompressible liquid 
with negligible viscous dissipation. 

PROPERTIES: Table A-6, Water (T m = 304 K): p = 995.6 kg/m', c p = 4178 J/kg-K, v = 7.987 x 10" 
7 mVs, k= 0.(518 W/m-K Pr = 139. 

ANALYSIS: (a) The overall energy balance on the fluid passing through the concentric tube is 

q = iiiCp(V,-T m;0 ) (1) 

and from an energy balance on the reaction tank, 

q = q(xDf /4) /L = 1 x 10 5 W /in 3 (^(O.OSm) 2 / 4)xlm= 503W. 

P) 

The convection rate equation applied to the inner surface A^.i is 

1 = Vl S jO; - T^) = hT^D.Lf IT - T^) (3) 

where T s is the average inner surface temperature and 

Tm=(V, + VoV 2 - (4) 

To estimate h, begin by characterizing the flow with 

Re Dh = u m D h 1 11 D h = D o - D i m = P A c u m 

where A c = x ( — ) / 4. Substituting numerical values find 

Re Dh =1779 

Assuming fully developed conditions for laminar flow through an annulus, it follows from Table 8.3 
and Eq. S.72 with Dj/D 0 = 0.8. 

Nu" t = hi D h / k = 5 .58 h\= 172 W / m 2 ■ K 

Continued 
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PROBLEM S.92 (Coiit.) 



Using Eq. (3) with hj, and T s = 37 3 C, and q from Eq. (2), find 



T m = 25.4°C 
From Eqs. (i) and (4). calculate 

For this annulus, the thermal entry length from Eq. 8.23 is 
x fd,t = D h x0 05 Re Dli Pr 

xfa t =(0.100- 0.080 ) m x 0.05 x 1 779x 5.39 = 9.59 m 

Since L = 1 ni we conclude that entry length effect* are significant, and the fully developed flow 
assumption is approximate. 

(b) Since the fluid is being heated by flow over a surface with uniform heat flux, the mean fluid 
temperature, Tmfx), will increase linearly with longitudinal distance x. Assuming fully developed 
conditions, the surface temperature T s (x) will likewise increase linearly with distance as shown in the 
schematic below. Note that the longitudinal temperature difference is about 0.6 s C, and that the inlet 
mean temperature is 25.1 C C. 

Considering now entrance length effects, the convection coefficient is no longer uniform, and will be 
largest near the entrance, and larger than for the fully developed flow everywhere. Hence, we expect 
the surface temperature near the entrance to be closer to the mean fluid temperature than elsewhere. 
We also expect the average mean temperature of the fluid will be higher so that the average surface 
temperature, T s , remains at 37°C. However, the rise in temperature of the fluid (T^ - T^J will 
remain the same, about 0.6''C, since the heat removal rate is- the same. Increasing the flow rate will 
tend to minimize die longitudinal gradient by reducing [Julo ~ ^uli) increasing h(x). Hie graph 
below illustrates the distinctive features of the fully developed flow and entrance length effects. 



37 



T{°C) 



25 







T,<x> — " 






-T. 




"Tm.fl 








> 



Entry length effeds 
T B (x> 



T(°C) 




COMMENTS: The thermophysical properties required m the convection correlation and the energy 7 
equations were evaluated at Tm = (T m A + T^yi. 
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PROBLEM 8.93 



KNO"V\~X: Surface thermal conditions and diameters associated with a concentric tube 
aimulus. Water flow rate and inlet temperature. 

FIND: (a) Length required to achieve desired outlet temperature, (b) Heat flux from inner 
tube at outlet. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed conditions throughout, 
(3) Adiabatic outer surface, (4) Uniform temperature at inner surface, (5) Constant properties, 
(6) Water is incompressible liquid with negligible viscous dissipation. 

PROPERTIES: Table A-6\ Water (T m = 320K) : c p = 4180 J.'kg-K, u = 577 x 10~ S N-s/m 2 , 
k = 0.640 W/m-K, Pr = 3.77. 
ANALYSIS: (a) From Eq. 8.41 a, 

L= _^ n A^ = _^ £n T s -y Q 

Ph ATi ,7 Dili Tg-Tn,^ 
Wirh ReD= i^n_ D h_ -(Do-Di) _ 4m 



(jt/4) (nl - T)f ju jT ( D o + D i ) M 



p 4 * 002 kg/s 

Re D = — = 353 

;r{0_125m)577 x 10^N - s/m z 

the flow is laminar. Hence, fromEq. 8.69 and Table 8.2, 

k 0.64 W/m-K ? 

h = h, = Nu. = ; 7.37 = 63 W/m' - K 

1 D h 1 (0.100-0.025) m 

0.02 kg/s (4180 J/kg ■ K ) (100 -75? C 
and L = 1 — -(u- = 19. 7 m. 

ff(0.025m)63 W/m^-K (100-20)° C 
(b) From Eq. 8.68 



qj (L) = hi ( T 3jl - T^ 0 ) = 63 -5L_ (1 00 - 75 )° C=l 575 W/m 2 . 

m _K 

vIENTS: The total heat rate to the water is 

q = m c p (V 0 - T^ ) = 0.02 kg/s x 41 80 Lkg ■ K ( 55°C ) = 4598 W. 
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PROBLEM 8.94 



KNOWN: Surface thermal conditions and diameters associated with a concentric tube 
annulus. Water flow rate and inlet temperature. 

FIND: Length required to achieve desired outlet temperature. 

SCHEMATIC: 



i 



I>- t -25mm 




ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed conditions throughout, 
(3) Adiabatic outer surface, (4) Uniform temperature at inner surface, (5) Constant properties, 
(6) Incompressible liquid with negligible viscous dissipation. 

PROPERTIES: Table A-6, Water (T m = 320K) : c p = 4180 J/kg-K, \i = 577 x 10 ^ NVm~, 
k= 0.640 W/m-K, Pr = 3.77. 
ANALYSIS: From Eq. 8.42a, 



Ph 



-iii- 



With 



Re D 
Re D : 



P u m D h 



Ts — ^nn 



m(D 0 -Di) 



4 m 



M (d 2 - D 2 ) p 71 ( D o + Di ) f 

4x0.30 kg/s 



jf fO. 125m) 577 xlO^N-s/m 2 



= 5296 



and the flow is turbulent. Hence, fiomEq. 8.60, 

h = — Nu D = 0.023— Re*' 5 Pr 0 4 
Dh D h D 

h =0.023 °- 64QW/m - K (5296) 4/5 (3.77) 04 = 318 W,m 2 K 
0.073 m 

and hence the required length is 



L = 



0.30 kg/s (41 SO J/kg-K) , (100- 75)° C 

- in - = 3 6.4 m. 



x ( 0.025m) 3 1 8 W/m 2 ■ K (1 00 - 20 f C 



COMMENTS: (1) Increasing m by a factor of 15 increases Rejj accordingly, and the flow 

is turbulent. However, h increases by a factor of only 5, from the result of Problem 8.99, m 
which case the tube length must be a factor of 3 larger than that of Problem 8.99. (2) The 
Gnielinski correlation would be more accurate than the Dittus-Boelter correlation for the low 
(but turbulent) conditions suggested by the value of the Reynolds number. 
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PROBLEM S.95 



KSOW~S: Dimensions and thermal conductivity of plastic pipe. Muin etric flow rate and 
temperature of inlet air. Enhancement of inner convection coefficient and friction factor associated 
with coiled spring. Thermal resistance of coating on outer surface. 

FES'D : (a) Air outlet temperature and fan power requirement without coating and coiled spring, (b) 
Effect of coiled spring on air outlet temperature and fan power (c) Effect of coating on outlet 
temperature. 



SCHEMATIC: 



= 0.17 m 
D| = 0.15 m 

0.025 m'/s^w 



Coiled spring 



Thin film 

R[ c = 0.050 m^-K/W 




Plastic pipe 
k= 0.15 W,'m-K 



h 0 = 1500 W/m^K 



ASSUMPTIONS: (1) Steady- state, (2) Negligible heat transfer from air in vertical pipe sections, (3) 
Air is ideal gas with negligible viscous dissipation and pressure variation, (4) Smooth interior surface 
without spring. (5) Negligible coatmg thickness, (6) Constant properties. 



PROPERTIES: Table A-4 T Air (T^i = 29°C) : pi = 1 .155 kg/m Air (T^, m 25°C): c p = 1007 
J/kgK, p= 183.6 x 10"'' Ns.inV k a = 0.0261 W/m-K, Pr = 0.707 
ANALYSIS: (a) From Eq. (8.45a), 



1qc ^m.o 
Tec _ Tm.i 



: exp 



UA ( 



where, from Eq. (3.32). 

-: 



(ua s r 



R 



1 In _) : , I), I 



tot 



h{xD[L 2/rLk 



With rii = ^ = 0.02S9 kg / s and Re D = 4m /rD;// = 13, 350, the pipe flow is turbulent. With UDi ■ 
100, we may assume fully developed flow throughout the pipe, and from Eq. (8.60). 



ka 



It 0.023 Re^" Pr = 



4 3 0 3 0.0261 W/m-K 



0.023(13,350 ) 4, ° (0.707) u i =7.20W/m ji -K 



U.3 



Hence. 



to: 



0.15m 
1 



In 1 0.17/0. 15) 
-+ — i *-+- 



1 



■ 



7.20xx>t0.15xl5 2j5t>c15x0 15 1500xjrxO_17xl5jW 
R tot = (0.01964-0.0089 + 0.0001)K/W = 0.02S6K/W 
I 



Hence, UA t = E. tot 



35.0 W/K and 
UA, 



T m,o = T ac + ( T mi " T * ) e H " 



17°C-(12°C)ep 



35.0 W/K 



20.6°C < 



0.028!) kg /'sx 1007 J/kg-K ^ 

Continued . 
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PROBLEM 8.95 (font.) 



From Eq. (8.20a), f = 0.316 E.e D L ' 4 = 0.0294. Hence. fromEqs. (8.22a) and [8.22b), with u mA 
-V i /A c =1.415m/s, 

PiVi . 1.155kg/m 3 (T.415m/s) 2 , 

p^f "^-LV, =0.0294 = i ^-15mx0.025m ;i /a=0.085W < 

2Dj 2 (0.1 5m) 

2 

(b) With hj-p = 2hi = L4.4 W/m K, the inner convection resistance is reduced from 0.0196 K/W to 
0.0098 K/W and hence the total resistance from 0.0286 K/W to 0.0 L 88 K/W. It follows that 
UA E = 53.2W/K and 

T m . 0 = L8.9°C < 
Withfep=U5f; 

P=0.128W < 

(c) With the coating of organic matter, there is an additional thermal resistance of the form R<_ c 

R ' ... / (vt D 0 L) = ( 0.05 oi 2 ■ K / W j / (srx 0. 17m x 15m) = 0.0062 K / W. The total resistance is then = 

0.0348 K/W and UA S - 28.7 W , : K. Hence, 
J m.o ZJJ 

COMMENTS: (1) The fan power requirement is small, and the process is economical, with or 
without the coiled spring. (2) Heat transfer enhancement associated with the coiled spring is 
manifested by a 34% reduction in the total thermal resistance and a 1 .7 ; C reduction in the outlet 
temperature. (3) Fouling of the outer surface increases the total resistance by 22 a sind the outlet 
temperature by 0.9°C. The penalty is not severe but could be ameliorated by periodic cleaning of the 
surface. 
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PROBLEM 8.96 

KNOWN: Inlet and desired outlet temperature of a pharmaceutical fluid flowing m a straight 
tube or coiled tube of known diameter. Inlet velocity and tube surface temperature. 

FIND: (a) Length of straight tube needed to achieve the desired outlet temperature, (b) Length of 
coiled tube to achieve the desired outlet temperature, (c) Pressure drops associated with the 
straight and coiled tubes, (d) Steam condensation rate. 

SCHEMATIC: 




ASSUMPTIONS: (1) Constant properties, (2) Incompressible liquid and negligible viscous 
dissipation. (3) Steady-state conditions. (4) fully developed hydrodynainic conditions at the 
entrance. 

PROPERTIES: Steam (Table A.fi): h : - s (T= 1Q0 C C) = 2257 kJ/kg. Pharmaceutical (given): p = 
1000 kg/m\ c P = 4000 J/kg-K, u = 2 x 10 J kg.Vm k = 0.80 W/m-K Pr = 10. 

ANALYSIS: 

(a) From Problem 8.27, Re^ = 1270 and the flow is laminar for both cases. Hence, augmentation 
is expected to occur in the coiled tube. For the straight tube case a, the Hausen correlation is 
written as 

— hD , „ 0.0668 * (D/L.)Re D Pr 
Nud = — = 3.66 — u 

k 1 + 0.04f(D/L 3 ) Re 3 PrT' 

winch may be rearranged to yield 

Continued... 
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PROBLEM 8.96 (Cant.) 



D 



3.66 - 



0.0668 (D/L = )Re n Pr 
1 + 0.04|~(D/L j Re^Pr] 2 ' 3 



h = 



0.80 W/mK 



12.7 x 10"' m 



3.66- 



0.0665(1 2.7 * 10 3 m/L..) * 1270 x 10 

2/3 



1 -0.04 



1 12.7 x 10- 



J m/L 3 j x 1270 x 10 



CD 



From Problem S.27 m = 0.0253 ks/=> and the tube perimeter is 



P =itD = Jt x 12.7 x 10" 3 m = 39.9 x 10~ J m 



Equation £.416 may be written 

100°C-75 D C 

■ = exp( - 



39.9 * IO'Wl, 



1 00°C - 25 °C " ~" 0.0253 leg's x 4000 J/kg ■ K 
Equations (1) and (2) may be solved simultaueously to yield 

L, = 9.77 m, (h = 286 W7m S 'K) 

(b) For the coiled tube, 

Re 3 (D/C) ] '' 2 = 1270 * (12.7/1 00) 1 '' 2 =452.6 

Therefore, C/D = 100/12.7 = 7.87 > 3, Equation 8.77 yields 



xh) 



(2) 



\ + 957^) ) r 957.x (100/12.7) ^ ^ 
Re^Pr j L 1270 2 x 10 J 



b = 1+ 0^ =1+ W77 = 1 ()477 

Pr 10 
Therefore Equation 8.76 becomes 



Xu r 



3.66- 



4.343 
1.0005 



- 1.158 



^ M270 x(12.7/10Q) 12 ' 
*[ 1.0477 



3 : 



1:3 



= 22.18 



Therefore, 



O.EOW/mK 



h = Nu-j — = 22. 1 S x A " = 1397 W/m 2 - K 

D 12.7 x 10"' m 

Equation 8.47 may be written 



Continued. 
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PROBLEM 8.96 (Cant.) 

10QCC - 75 ° C =zM 399Xl °' W ' x 1397 WW K) 

1QG°C - 25°C 0.025.3 kg's x 4000 J/kg ■ K 



oi~L< - 2.00 m 

Hie number of coil tums is N= — = m ; — = 6 4 

nC jt x 100 x 10"' m 

TTie coil length is L d = NS =6.4 * 25 * 10~ 3 in = 159 x 10" 3 m= 159 mm < 

(c) The flow is hydrodynamically fully-developed in the straight tube. From Equations B. 19 and 
8.22a, 

^ = = _*L „ IMOh^iPW x 97? m= ?75 N/m3 < 

Re D 2D * 1270 2 x 12.7 x 10" 3 m 
For the coiled tube. Equation S. 75b is 

f = ™ (p/cf*= * {—f 2 '= 0.121 

Re£ S 1 ' 1270 0 - 5 1 100 J 



A P[ = f^L,= 0.121 x lOOOkg/m^x^m/sr xlQQm ^ 79NW 
2D 2 x 12.7 x 10" 3 m 

(d) The steam condensation rate. ih =T , is 

m st h f? = mc p CT D1-0 - T^) = u m pAc p (T mi0 - T^ 3 ) 

or 

0.2 m/s x 1000 kgV x ,r x (12.7 x 10° m) 2 ' 4000 J/kg ■ K x (75 - 25)°C 



m, t - 



4 x 2257 x 10 3 J/kg 



av, = 2 25 x io 3 kg/s < 

COMMENTS: (1) For the straight tube, x a , = O.OSRe^PrD = 0.05 x 1270 x 10 x 12.7xlO" 3 m = 
8m. The value of the entrance length for the coiled tube will be 20 to percent shorter than for the 
straight tube or between approximately 4 and 6 m. The flow in the coiled tube is not fully 
developed, and actual heat transfer rates will exceed those predicted usmg Equation S.76. (2) The 
coiled tube requires (2/9.77) x 100 = 20 percent of die tube length relative to the straight tube 
case. (3) The coil length is (0.159/9.77) x 100 = 1.6 percent that of the straight tube. (4) The 
pressure drop in the coiled tube is (379/775) x 100 = 4S percent that of the straight tube. (5) The 
coiled tube will induce secondary 7 flow m the pharmaceutical, thereby reducing radial temperature 
gradients in the liquid. 
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PROBLEM 8.97 



KNOWN: Tubing with ethylene glycol welded to transformer to remove dissipated power. 
Maximum allowable coolant temperature rise of 6°C. 

FIND: Required coolant flow rate, tube length and lateral spacing of turns.. 

SCHEMATIC: 

Transfomner, 1000 W 

Ethylene glycol. = 24°C 

H = 500 mm 




ASSUMPTIONS: (1) Constant properties, (2) Incompressible liquid and negligible viscous 
dissipation. (3) Steady-state conditions. (4) Negligible tube wall thermal resistance, (5) Fully- 
developed flow, (6) All heat dissipated by transformer is transferred to ethylene glycol. 

PROPERTIES: Table A.5, ethylene glycol: (f m = 300 K, assumed): k = 0.252 W/ni-K, c p = 
2415 J/kg-K, it; = 1 .57 x 10" 2 K-™ : : Pr = 1 1 51 . 

ANAL V SI S : From an overall energy-' ba lance, the required flow rate is 
q = mcp (T^ - T^) or m = q/c p (T mo - T^) 

m = 1000 W/{2415 J7kg ■ K x 6K) 
lit = 6.90 x 10"" kg/s 

From Equation 8.42 the length of tubing maybe determined. 



T -T. 



: exp {- PLh / the _ ) 



T = - T^. 

where P = tiD. For the tube flow, find 

4m 4 x 6. 90 x 10~ 2 kg/s 



Re 3 



JtDu it x 0.020 m x 1 .57 x 10" 2 N ■ S/m 2 



= 279.8 



C/D = (D t - D) = 250/20 = 12.5; Re ; (D/C:) L ' = 279.S x (20/250)'''= 79.1 
Equation S.77 yields 



Continued. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM S.9 r (C ant.) 



957 x (250/20) 
(279.&) 2 x 1151 



0 477 

b = l +1LZLL = 1.0004 



= 1.0001 



1151 

Therefore, Equation 8.7(5 is 



hoo + ^T + ii5 S i 279Ex(2Q/25 ° )i/2 r 



a/3 



= 10.99 



k 



h = h = Nu-> — =10.99 * 252 x 10" J W/m-K'20 x 10" J m = 13S.5 Wnf ■ K 



Equation 8.42 becomes 
(47 - 30)^C _ 



exp 



(it x 0.02 m x 1 38.5 W/hr - K x L) 



(4 7 - 24)°C " " |_ 6" . 90 x 1 0" 2 kg/s x 24 1 5 I/kg ■ K 
Which may be solved to yield 
L = 5.79 m 



Tire number of rums of the tubing, X is N = L'rrD = 5.79 mi n(0.25 m) = 7.37 and hence the 
spacing, S, is 

S = H/N = 500 mm/7.37 = 67.S mm < 



COMMENT: (1) Coilmg the rube results in a convective heat Transfer coefficient mar is 
10.99/3.66 = 3 times larger than the fully-developed value for a straight tube. (2) For a straight 
tube, the thermal entrance length is x fd .,= O OSReoftD = 0.05 x 279.8 x 1 1 5 1 x 0.02m = 322 m. 
lire flow will not be hilly-developed, and care must be taken when using the predictions. 
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PROBLEM 8.98 



KNOWN: Geometry and dimensions of a tube with straight and coiled sections. Temperature and 
convection coefficient of coolant flowing outride the tube. Inlet temperature, mass flow rate, and 
properties of pharmaceutical fluid in tube. 

FIND: (a) Outlet temperature of pharmaceutical [b) Outlet temperature with inner heat transfer 
coefficient doubled in straight sections, (c) Effect of left- or right-handed spiral. 



SCHEMATIC: 



Pharmaceutical 
T m| = 9tTC 
m-D.005 kgfc j 



. D = 1 0 mm 



L = 250 mm 




ASSUMPTIONS: (1) Tube wall thermal resistance is negligible. (2) Flow is fully-developed in 
coiled section. (3) Flow in last straight section is unaffected by swirl introduced in coiled section. {4) 
Constant properties. 

PROPERTIES: Pharmaceutical fluid (given): p = 1200 kg/m\ u = 4 x 10" 1 N'S.V, c, = 2000 JkgK r 
k = 0.5 W/'m-K, Pr = \ic ? (k = 16." 



ANALYSIS: 

(a) The Reynolds number is 

4rh 

Re D = ■ 



4 * 0.005 ka/s 



= 159 



iD|i ji x 0.01 m x 4 x 10" J N ■ s/mr 
Thus ::".e flow is laminar. 

1 - Straight Section. The development length in the straight section is 
s^j, =0.05 Re D D= 0.05 x 159 x 0.01 m= 0.0S m 

Xfd.t ~ x fd,b ■ P 1 ~ 0 ° 8 m x 16 = 13 m 



The flow is thermally developing. With Pr > 5. we can use Equation 8.^6, 
Nud = 3.66- 



0.06SS fD-'Li Re^ Pr 

^ ' u -^-=729 



1+0.04 [(D/L)Re D Pr]' 



Tlius W = NiiDk/D = 7.2 9 * 0 . 5 W.-in ■ K/0. 0 1 m = 3 6 5 W/nr ■ K 

Hie mean temperature at the end of the first straight section can be found from Equation 8.45a. 
V] = - - TJ expi - UA 



mc p J 



Continued. 
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PROBLEM S.9S (Coiit.) 

where U = [l/'L + h\]" = > 1/365 W/m 2 ■ K + 1/500 W/m 2 • K J =211 W/m 2 ■ K 

Thus T mo] = 20°C + (90>C - 20°C) e J- 21 1 W " K " * * °- 01 m X °" 25 m ' 

' 0.005 kg's x 20O0J/kg-K 



:79.3 :, C 



C oiled Section. Tlie critic.il Reynolds number in the coiled section is given by Equation 8.74, 
Re D ,Ci=^ D;C [l+l2(p/C)°- 5 ] 



where Rjcd c = 2300. Since tins must be greater than 2300, the flow in the coiled section, with Rec = 
159. is still laminar. The length of the coiled section is 6.5 it C = 6.5 it (0.075 m) = 1.53 m. Since 
development lengths are 20 to 50% shorter in coiled tubes than in straight tubes the flow can be 
approximated as fully developed. The Miss el t number is given by Equation S.76. with 



1 + 



957 (C/D) 
Re 2 D Pr 



957 (75 mm/ 10 mm) 



(159)- x is 



1.018 



and b = 1 - 0.477/Pr = 1+ 0.477/16 = 1.030. Note that Ren (D/C) 1 1 = 58, therefore the criteria for 
using Equations 3.76 and 8.77 are satisfied. Thus assuming = ll 



Nu r 



3.66- 



3.66 ■ 



4.343 



1.158 



' Rerj (D/C) 1 '' 2 



3 : 



4.343 | 
1.018 J 



1 158 



159 (10 mm/75 mm) 
1 030 



3 : 



1 : 



= 9.96 



and hi = Niick/D = 498 W/m s -K. 

Then U = [1/h; - l/h 0 ] _1 = . 1/498 W/m 2 -K + 1/500 W/m 2 -k]"' = 250 W/m 2 ■ K . 

The outlet temperature of the coiled section can be found from Equation 8.45a, with 

A5 = (n D)(6.5 it C) = 0.048 m'. and the inlet temperature is tlie outlet temperature of the straight 

section: 



T^ o2 = 20°C - (79.3°C - 20°C) exp 



250 W/m 2 ■ K * 0.Q48 m 2 
0.005 kg/s* 2000 J/kg K 



= 37.9°C 



2 ~ Straight Section. The overall heat transfer coefficient would be the same as in the l ;t straight 
section. The outlet temperature can be calculated from Equation 8.45a with the inlet temperature 
equal to the outlet temperature of the coiled section. 



mc. 



T nio3 = 2 ° oc + P7-9°C - 20°C) exp 

Tnuoj = 35.1°C 



p 



21 1 W/m 2 -Kxji< 0.01 m * 0.25 m 2 
0.005 kgs * 2000 J/kg- K 



Continued. 
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PROBLEM 8.98 (Cant.) 



(b) Repeating the calculations wrth hi in the straight sections doubled in the 1 :1 straight section: 



In die coiled section, U is unchanged, and 
T m , o2 = 36.7 a C 

Iii the 2 nd straight section, U= 297 Win 2 -K and 
T m , o3 = 33.2°C 

(c) Yes, the orientation of the springs could have an effect, because they introduce swirl that interacts 
with the swirl introduced in the coiled section. However, the effect is probably small. 

COMMENTS: The analysis is only approximate. In particular, the flow in the last section would be 
affected by the swirl introduced in the coiled section, winch would m turn affect the heat transfer. 
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Tm.Di = 75.4 3 C 



PROBLEM 8.99 



KNOWN: Pressurized water inlet temperature and total mass flow rate for mold cooling and 
heating. Water channel dimensions for conventional and conforms lly-cooled mold. Initial hot and 
cold maid temperature*, mold dimensions and mold properties. 

FIND: (a) Initial heating rate of a cold (100°C) mold, initial cooling rate of a hot (200°C) mold 
for straight water cliannels with D = 50 nun, (b) Initial heating rate of a cold (100°C) mold, initial 
cooling rate of a hot (200 S C) mold for a confonnally-cooled mold with water channels of 
diameter D = 50 mm, (c) Surface areas of cooling/heating channels for both molds and 
determination of which mold "will enable production of more parts per day. 



SCHEMATIC: 



Heating water 



m = 0.01 fcg/s 
T m .i = 275°C 



60 mm 



p = 7800 kgrtn 3 
c = 450 J/kg K 



D = 5 mm 



M = 5 passages 



1 



(a) Conventional mold (tap naif is shown) 



20 mm 



Cooling water 
m = 0.01 kg/s 



T mJ = 25°C 




(b) Conformally- cooled mold (bottom half is shown) 



ASSUMPTIONS: (1) Constant properties. (2) Incompressible liquid and negligible viscous 
dissipation, (3) Fully developed hydrodynamic conditions at the entrance, (4) Negligible part 
mass, (5) Water sufficiently pressurized to prevent boiling. (6) Negligible heat transfer in short 
straight sections of the channel for the confonnally-cooled case. 

PROPERTIES: Table A 6, water: < = 260°C , assumed): k= 0 6038 W/m-K, c p = 49K9 
J/kg-K, li = 103.1 x It)" 6 N-s/m\ Pr = 0.853. (T a = 40 o C, assumed): k = 0.6316 W/m-K, c p = 
4179 J/kg K, it = 656.6 x 10" 6 N-s/m 2 , Pr = 4.344. (T £ = 2Q0°C): ^ = 133.9 x 10" f N-s/'m 2 . 

Continued. . . 
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PROBLEM 8.99 (Cant.) 



ANALYSIS: fa) Heating . T m = 260 C C. Hie Reynolds number is 

(4x0.0ag/ B )/S ^ = 4M0 

itD|i it x 5 >: 1 0~ 3 m x 1 03. 1 x 1 Q~*N ■ s/ ra' 



From the Giuelmski correlation, f = fD.790lnReu - 1.64)"' = f0.790 x ln4940 - 1.64)"- = 38.8 x L0" 

(f/8)(Re D -1000)Pr _ (38.8 xlO" 3 /k) x (4940 -1000) x 0.853 _ 
~ UD ~l + 12.7(f/8) 1/2 (Pr 2/3 -l) 1-I2.7f38.8xl0" 3 /S) l;2 f0.853 : ' 3 -1) ~ 

Therefore, k c . =Nu D k-'D = 17.89 x 0.6038 W/nrK/5 x l0" J m = 2161 W/nfK. For P = nD = n x 5 
x 10" 3 m= 15.7 x 10" 3 rn, L = 60 x lO" 3 ui iii= 0.01 kg/s/5 = 0.002 kg/s, Equation S.42 is written 



100 -T^ D 

exp 

100-275 



15.7x10 Vx60xl0 Vx2161W 
0.002kg /s x 4989 J/ kg ■ K 



/m 2 -K j 



from which T nL „= 243 C C. Therefore, 

q w = mc p fT m 0 - T^i) = 0.002kg/s x 4989J/ kg ■ K x (243 S C - 275 S C) = 3 19W /channel and for 
the entire mold, qt = -q w x M x 2 = 319W x 5 x 2 = 3190 W < 

Cooling, T^" = 40°C. The Reynolds number is 



4m (4 x 0.01kg. ■'&)/ 5 

Reu = = 35 -= y = 776 

nI>H tt x 5 >: 1 0 m x 656.6 x 10 N ■ s i'var 



Usmg Equation 8.56, 



0.066S(D/L)Re D Pr 0.0668(5 /60)x 776x4.344 

■ srr = 3.66+ ■ T 

1 + 0.04[(D /L) Re D Pr]-' 1 + 0.04[(5/ 60) x 776 x 4.344] 



Therefore, bo =Nu D k/D= 10.57x 0.6316 W/m-K/5 x 10 3 m = 1335 W/nr-K. Equation 8.42 yiekU 

200 -T^ f 15.7xlG~ 3 mx60xlO~ 3 mxl335W/m 2 -K^ 
= exp 



100-25 



from w r hich T^— 49.4°C. Therefore, 

q w = mc p (T^ -T m;1 ) = 0.002kg/ s x 41 79J/kg - K x (49.4°C - 25°C) = 203. 9W/ channelaud, for 
the entire mold, q c = -q* * M * 2 = - 203.9 W x 5 x 2 = -2039 W < 

Continued... 
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PROBLEM S.99 (Cont.) 



(b) Heating, T m = 260 3 C. The critical Reynolds number is 

Re^ch = K«D, C [l + 1 2(D / C) 5 ' 5 ] = 23 00 x [l + 1 2(5 / 50)° J ] = 11 030 . The actual 

4ih 4x0 01kff/s 

Reynolds number is Re n = = r ; 7- = 24700 and the flow is 

■nDu nx5> ; 10" 3 m>il03.1xlO" 6 Ni/m" 

Turbulent. Using the Gnielinski correlation, f = (0.7901nRerj - 1.64)"- = (0.790 hi24700 - 1.64)" : = 

24.8 x 10" 3 , 

(f/S)(Re D -1000}Pr _( 24.8 x 1Q~ 3 / 8} x ( 24700 -1000) x 0.853 _ 
~ U ° ~ 1 + 1 2.7{f /8) 1 '' " (Pr- ; ' 3 - 1) ~ 1 + 1 2.7(24.8 x 1 0~ 3 / 8) 1/2 (0.S53 3 ' J - 1) ~ 

Therefore, hr. =Nu D k/D = 62.67 x 0.6038 W/nrK/5 x 10 _i m = 7570 W/m^K. For P = 15.7 x 10" 5 
m, L= 2%C = 2 x it x 50 x 10' J m = 0.3 14 m, and m =0.01 kg/s, Equation 8.42 is written as 



100 

exp 



f 15.7 x 10~ 3 mx 0.3 14m x 7570W/ m~ ■ K ■ 
0.01kg/ s x 4989J/ kg K 



100-275 

from which T HL „= 1S2.8°C. Then, q^ = 0.02 kg/s x 4989 J/kg-K x (1S2.8°C - 275°C) = 9197 W< 
Cooling, T^ = 40°C. The Reynolds number is 

kD[i jt x 5 x 1 0 3 m x 656.6 x 10~° 2s ■ s /nr 

Since Rep < Res.^, the flow is laminar and Re^D/C) 1 2 = 3880 x(5/50) 1,: = 1 227. The values of a 
and b for use in Equation 8.77 are 

' 1 + 957(C/D) 



' 1 + 957 x(50i 5)) _ 3 , 0.477 0.477 

=— =146x10 3 : b=l + 1+ 1.11 

\. 3880" x 4.344 ) Pi 4.344 



Equation 8.76 is rearranged to yield 

-i- j 



0.631 6W/m-K 



n D = 5 — 

5xlO" 3 m 

Equation 8.42 is written 



f3.66 + 4343 J + 1.158xfi^T" 2 ' f^-f 4 = 6794W/m 2 .K 
{ 146xl0" 3 J U-llJ U 33.9 ) 



Continued. 
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PROBLEM 8.99 (t out.) 



200 -T 

— = exp 

100-25 



15.7 =<10 J mx0.314mx6794W/m 3 K 



■ 



0.01kg7sx4179J/kg-K 
Therefore, 

q c = mc p (T^ - T mi ) = 0.02kg/ s x 4179J/ kg ■ K x (25°C - 121 5°C) = -S065W 



from which = 1 2 1 . 5 a C . Therefore 



(c) For the conventional mold, 

Ac P = 2MicDL = 2 x 5 x 7T x 5 >: 1 0' 3 m x 60 >: 1 Q~' m = 9.42 x 10' J m : . For die conformally- 
cooled mold, A« = 2N-nCftD = 2 x 2 x rc ; x 50 x Iff 3 m x 5 x 1 0' 3 m = 9.S7 x 10" J m 2 . 

The time rate of change of the mold temperature is 

dT q a q 



dt VpC {60 x 1 0 3 m) 2 x 40 x 1 0 3 m x 7800kg .■ m 3 x 450J /kg ■ K 5D5.4W ■ s / K 

The results are summarized in the following table. 

Mold Type q (W) Flow Regime dT'dt f K-'s) 

Conventions 1 heating 3190 turbulent 6.51 

Conventional cooling -2039 laminar 4.03 

Confbrmal heating 9197 turbulent IS. 20 

Conformal cooling -8065 laminar enhanced 15.96 

The ccirformally-cooled mold will increase production by a factor of 3 to 4 times, using the same 
cooling area. 



COMMENTS : (1) The average mean temperature for healing is 25B.S S C and 230°C for the 
conventional and conformally- cooled molds, respectively. The assumed average mean 
temperature (260°C) is very good for the conventional mold case. A more accurate solution 
would be obtained by re-calculating the answer for the confonnally-cooled case based upon a 
better estimate of the average mean temperature. (2) The average mean temperature for cooling is 
37.2°C and 73.3°C for the conventional and conformally-cooled molds, respectively. The 
assumed average mean temperature for cooling (40°C) is very good for the conventional mold 
case. A more accurate solution would be obtained by re-calculating the answer for the 
conformally-cooled case based upon a better estimate of the average mean temperature. (3) The 
conformally-cooled mold offers enhanced performance due to higher mean velocity in the case of 
heating, and enhanced laminar flow due to curvature in the case of cooling. (4) Equation 8.76 has 
been extended slightly beyond its range of recommended application. Care should be taken in 
using the predictions. 
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PROBLEM 8.100 



KNOWN: Iiilet temperatures and flow rates of a pharmaceutical product and pressurized water, 
tube diameter, coil diameter and number of coils. 

FIND: (a) The outlet Temperature of the pharmaceutical product, (b) The variation of the 
pharmaceutical outlet temperature with the pressurized water flow rate. 



SCHEMATIC: 



Hot water 
T wJ = 127°C 

K 

D = 10 




D = 40 mm 



Cold pharmaceutical 

^=25-0 



ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Incompressible 
liquid and negligible viscous dissipation. (3) Fully developed fbw r , (4) Negligible tube wall 
thermal resistance. (5) Negligible heat loss to surroundings and ambient. 

PROPERTIES: Table A.6", water: [T^ = 3SQ K): k = 0.6SJ W/m-K, c P = 4226 J/kg-K, u = 260 
x lO^N-s/m 1 , Pr=L61,p = 953.3 kgW. Pharmaceutical (given): k = O.BO W/m-K, c P = 4000 
J/kg-K, n = 2 >: 1 0 _i kg/sm Pr = 10, p = 1000 kgm 3 . 



ANALYSIS: For the water. 

pu a . itD : _ 95 3 . 3kg / m 3 x 0 . 1 2m / s x it x ( 0. 0 lm) 2 



m w 



Re 



4 

4m„ 



4 

)E99kg.- 



= 0.00899kg/ s 



TtDu rex 0.01m x 260 xlO^kg/sm 



^4400 



For the pharmaceutical. 



^ _ _ lQQ0kg/m^0.10m/sx 1 tx(0.Olm) ; _ ,„ 



Continued. 
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PROBLEM 8.100 (Conr.) 



4mp 



4x0.007&5kg/s 



=500 



JtDjJ 7cx0.01mx2xlO 3 kg/s-m 

The flow of the pharmaceutical rs laminar (Reu.p< 2300). For the coiled tube, C = D, — 2(p/2) = 
40 mm - 2 x5 mm = 50 mm. Using Equation 8.74, Reo^^ 230D[1 + 12 x (10/50)° =] = 14,640. 
Therefore, tlie flow of the pressurized water is laminar (Reo.w = 4400 < 14,540). 

For the pharmaceutical product, Recj-tD/C) 1 '' 3 = 500 x (10/50) 1 : = 223, while for the water 
Rec^CD/C) 1 - 3 = 4400 x (10/50) 1:2 = 1967. For each tube, C/D = 50/10 = 5 > 3. 



For the pharmaceutical product and water, the overall energy balances are 
For tlie pharmaceutical and water. Equation £.42 is 



(1.2) 



T -X 



f 



p.o 



= exp 



tDL — 1 T s -T w p 

-hp | ; — — exp 



jtDL — 
^ 



(3,4) 



Once we determine h^ and h w , we may solve Equations (1) through (4) simultaneously for four 

unknowns: q, T Pi o, T Wi<) and TV We will use Equation S.7G, but be aware that we are using the 
correlation outside of its recommended range of applicability for the water. For the 
pharmaceutical product. Equation S.77 yields 



] 957 x (50/10) ^ 



(500) : >:10 .. 
Therefore, Equation S.76 becomes 



=1.002 : b=l+-^!ZZ = 1.048 
10 



Nu Djl = 



{ 1.002 J 



-1.158 



50 0(10 /SO) 1 
1.048 



/2> 



3/2 



-il/3 



= 16.03 



Therefore, h P = Nu D p k p / D =16.03 x 0.80W/m - K / 0.01m = 12S3 W/m 2 - K . For the pressurized 
water. Equation S.77 yields 



. 957* (50/1 OV. , nn . , 0.477 

= 1+- \ i=1.00 ; b=l- 

(4400)" x 1.61 J 1-61 



= 1 - — - — -:.i>.' : 1=1-— 1296 

Continued. 
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PROBLIM 8.100 Cr) 

Proceeding as before, we find Nu D w = 41 .01 h^ = 280 lW/nr - K . The tube length isL=No 

* D r = 20 K7t * 0.05m = 3.14m. Substituting values into Equations (1) through (4) and solving 
simultaneously yields 

q= 1736 W,T ?J( ,= S0.25 a C,T Wj( ,= 81. 28 a C, T s = 81.25°C < 



(b) The dependence of the pharmaceutical outlet temperature on the water velocity is shown in 
the graph below. Note that the pharmaceutical product's outlet temperature can be controlled 
accurately by modifying the water flow rate. 

T5r" peratu r& vs WatEr Velocity 
"CD -i 1 



95 



53 



S5 - 



S3 - 




CIS 0.2 
Water velocky (nnte} 



0.25 



Tp.o 
Tw.o 
Ts 



COMMENTS: (1) The pharmaceutical outlet tempemmre will be relatively uniform 
across the diameter of the tube due to mixing associated with secondary flow. (2) 
Although we have applied Equation 8.76 outside of its range of general applicability', the 
actual behavior is not expected to be significantly different than predicted. That is, we 
would still expect the pharmaceutical outlet temperature to be highly controllable by 
adjusting the water flow 7 rate. Actual outlet temperatures could be easily measured and 
the water flow 7 rate adjusted to provide the desired thermal response. (3) The average 
mean water temperature is T m = (T W;i + T w , 0 )/2 = (127°C + 81.3°C)/2 = 104°C = 377 K. 
The assumed mean temperature of 3E0 K is a good. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 8.101 



KNOWN: Chip and cooling channel dimensions. Channel flowrate and inlet temperature. Chip 
temperature. 

FLND : Water outlet temperature and chip power. 
SCHEMATIC: 



-L -lOmttt 



H=2Q0pm 




N=SO channels 



ASSUMPTIONS : (1 'incompressible liquid ■with negligible viscous dissipation, (2) L inform channel 
surface temperature, (3) T m = 300 K, (4) Fully developed flow. 

PROPERTIES: Table A-6, Water (T m = 300 K): Cp = 4179 J/kg-K, \x = £55 x 10' 6 kg/sm k = 
0.613 W/m-K,Pr=5.£3. 

ANALYSIS: Usmg tlie hydraulic diameter, find the Reynolds number. 

4(RW ) 2 * 200 W 2 _ s 

D h =— - = -± J — 10 0 ni/z/ni = Bxl0 5 m 

n 2(Hff ) 250 ill 

pu m D h _± l D h _ 10-4 ^(8x10-5 m ) 



Re D = 



M A c/' (50x200)10 12 m 2 (855x 10 6 kg/s-m) 

tnce, the flow ih laminar and. from Table 8.1. Nu b = 4.44. so that 

k 4.44(0.613 W/ni-K) 7 
h = Nu D = 1 — - = 34, 022 W/m Z - K. 

D h SxlO * m 

With P = 2(Ef WO = 2(250 [ua) 1 0" 6 mjim = 5 xl 0" 4 m, Eq. 8.41b yields 



= 936. 



_ T m ci ^ 3 ^ OK - T m o 



Is ^nn 



60 K 





/ ■> 
PL i 




exp 


h 


= exp 

V 



5 k 10 u m z x34,022 W/m" K 
1(T* kg/s*4179 J/kg-K 



= 350K-60Kexp(-0.407) = 310K. < 
Hence, fromEq. 8.34, 

q = m c p ( V Q - T^ ) = Nni lCp (T m 0 - T mi ) = 50 > 10" 4 kg.'s ( 4179 J/kg - K) (20 K) = 41S W. < 

2 

COMMENTS: (1) The chip heat flux of 41S W/cm is extremely Large and the method provides a 
very efficient means of heat removal from high power chips. b&veven clogging of the microchannels 

is a potential problem which could seriously compromise reliability. (2) LT^ = 125 and 0.05 KeDPr = 

272. rnce, fully developed conditions are not realized and h > 34,022. The actual power 
dissipation is therefore greater than 418 W. 
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PROBLEMS. 102 



KNOWN": C hip and cooling channel dimensions. Channel flow rate and inlet temperature. 
Temperature of chip at base of channel. 

FES'D : (a) Water outlet temperature and chip power, (b) Effect of channel width and pitch on power 
dissipation. 

SCHEMATIC: 



W 

H = 200 \xm 



l *~K > l 




■H -mm 



672 

T s = 350 K 

Silicon chip 
k ch , = 140W/m-K 
L - 10 mm 

0> 




ASSUMPTIONS : (l)Incompressible liquid with negligible viscous dissipation, (2) Flow may be 
approximated as fully developed and channel walls as isothermal for purposes of estimating the 
convection coefficient, (3) One-dimensional conduction along channel side walls. (4) Adiabatic 
condition at end of side walls. (5) Heat dissipation is exclusively through fluid flow in channels, (6) 
Constant properties. 

PROPERTIES: Table A-6, Water (T m = 300K): c p = 4179 J/kg-K, p= 855 x 10" 6 kg/s-m, k = 0.613 
W/'mK,Pr=5.83. 

ANALYSIS: (a) Tlie channel side walls act as fins, and a unit channel/sidewall combination is shown 
in schematic (a), where the total number of unit cells corresponds to N = L-'S. With N = 50 and L = 10 
mm, S = 200 /an and S= S - W= 150 ion. Alternatively, the unit cell may be represented in terms of 
a single fin of thickness 5. as shown in schematic (b). The thermal resistance of the unit cell may be 
obtained from the expression for a fin array, Eq. (3. 1 03). R t a = ( /fohAt) . where A t — Af + At, — L (2 

H + W) = 0.01m (4 x 10" 4 + 0.5 x 10^)m = 4.5 x 10" 6 m 2 . With Dh = 4(Hx W)/2 (H + W) = 4 (2 x 

-4-4 4 5 

10"^m x 0.5 x 10" m)/2 (2.5 x 10" m) = 8 x 10""m, the Reynolds number is Rep = pa^ J\/ti= rhj 

-4 -5 A -4 -6 

B] 1 ;A c /j=\0 kg/sx8xl0 m/(2xl0 mx 0.5x10 m) 855 x 10 kg/s-m =936. Hence, the flow 

is laminar, and assuming fully developed conditions throughout a channel with uniform surface 

temperature, Table 8.1 yields Nupj = 4.44. Hence, 

k 0.613 W/m-K< 4.44 ,. 2 v 

h= Nurj = ? = 34. 022 w/m -K 

D h 8xl0 _5 m 

W r ith m = (2hk cb£ J) 1 2 = (68,044 W/m 2 -K/140 W/m-K x 1 .5 x lO A m) lf2 = 1800 m" 1 and 111H = 0.36, 
the fm efficiency is 

tarJi iilH 0.345 „„_„ 

m = = =0.958 

biH 0.36 
and the overall surface efficiency is 



»Jb=l-^ (l- W )=l-^^-(l-0.958)=0.963 



A : 4.5x10 
The thermal resistance of the unit cell is then 



Continued 
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PROBLEM S.102 (Ccmt.) 



R t:0 = (^ 0 hA t ) ! =(< 



0.963 x 34, 022 W m 2 - K x 4.5 x 1 G - * 5 m 2 



-1 



= 6.78K/W 



The outlet temperature follows from Eq. (8.45 b), 



Vo=T & -(T s -T m;i )exp — l —— =35QK-(60K)< 




: = 307 SK 

10 _4 kg/ , sx4179J/kg-Kx6.78K/W j 



< 



The heat rate per channel is then 



qi = mi c p f T mo - T mi ) = lO^kg / s x 4179 J/kg-K (17. SK) = 7.46 W 



and the chip power dissipation is 



q = Nqi = 50 x 7.46 W = 373 W 



< 



(b) The foregoing result indicates significant heat transfer from the channel side wall* due to the Large 
value of rjf. If the pitch is reduced by a factor of 2 (S = 100 /mi), we obtain 



Hence, although there is a reduction in f]f due to the reduction iu — 0.89) and therefore a slight 
reduction in the value of oj, the effect is more than compensated by the increase in the number of 
channels. Additional benefit may be derived by further reducing the pitch to whatever minimum value 
of 3 is imposed by manufacturing or structural limitations. There would aUo be an advantage to 
increasing the channel hydraulic diameter and or fLowrate, such that turbulent flow is achieved with a 
correspondingly larger value of h. 

COMMENTS: (1) Because electronic devices fail by contact with a polar fluid such as water, great 
care would have to be taken to hermetically seal the devices from the coolant channels. In lieu of 
water, a dielectric fluid could be used, thereby permitting contact between the fluid and the 

electronics. However, all such fluids, such as air, are less effective as coolants. (2) With LaD^ = 125 
and L/Dh)fd t 0.05 Reo Pr = 273. fully developed flow is not achieved and the value of h = hfd 
underestimates the actual value of li in the channel. The coefficient is also underestimated by using a 
Nusselt number that presumes heat transfer from all four (rather than three) surfaces of a channel. 
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S = 1 OOjUin, W = 50//m, 5 = 50/Jm, N = 100 : qi = 7.04 W, q = 704 W 



< 



PROBLEM 8.103 

KNOWN: Chip and cooling channel dimensions. Channel flow rate and inlet temperature. 
Temperature of chip at base of channel. 

FIND: (a) Outlet temperature and chip power dissipation for dielectric liquid, (b) Outlet temperature 
and chip power dissipation for air. 

SCHEMATIC: 



H = 200 pm 




m n = 1(H kgfs 



612 

T s = 350 K 

Silicon chip 
k ch = 140 W/m-K 
L = 10 mm 



(a) 




ASSUMPTIONS: (l)Applicability of Eq. S.34, (2) Flow may be approximated as folly developed 
and channel walls as isothermal for purposes of estimating the convection coefficient, (3) One- 
dimensional conduction along the channel side ivalls, (4) Adiabatic condition at end of side walls, (5) 
Heat dissipation is exclusively through fluid flow in channels. (6) Constant properties. 



PROPERTIES: Prescribed. Dielectric liquid: c p = 1050 JVkg-K, k = 0.065 W/m-K. .« = 0.0012 

0.707. 



K m 2 Pr = 15. Air: c p = 1007 J/kg-K, k = 0.0263 W/m K, u= 1S5 x 10"' Ns/m 2 Pr 



ANALYSIS: (a) The cliannel side walls act as fins, and a unit channel-side wall combination is shown 
in schematic (a), where S- S - W = 1 50 /jm. Alternatively, the umt cell may be represented m terms 
of a single fin of thickness S. as shown in schematic (b). The thermal resistance of the unit cell may be 
obtained from the expression for a fin array, Eq. (3. 1 03). R, 0 = (rj 0 h A^ ^ , where A t = Af + At, = L (2 
H + W) = 4.5 x 10" 6 m 2 . With A<. = Hx W= 10'" 8 m 2 and Dh = 4 A~2(H - W) = 8 x 10" 5 m, tiie 
Reynolds number is Reo = pa ]r P] 1 :u= lh^ D^/Acp = 667. Hence, the flow is laminar, and assuming 
fully developed conditions throughout a cliannel with uniform surface temperature. Table 3.1 yields 



. k 0.065 W/mK< 4.44 2 „ 

h = Nun = = = 3608 w/m -K 

l 



Nurj = 4.44. Hence. 

8xl0 _J m 

With m = (2 h/k^ S) *' " = 586 m 1 and mH = 0. 1 17, the fin efficiency is 

tanhtnH 0.1167 

m = = = 0.995 

mH 0.117 

and the overall surface efficiency is 

At 4 0 x 1 0 -6 
rj 0 = 1— -£-(1 - m ) = 1 — (1-0.995) = 0.996. 

A t 4.5x10 0 

Tlie thermal resistance of the unit cell is then 

-1 



R. 



t.o 



= ( /? 0 h A t 



0.99 6 * 3 60S W / m 2 ■ K x 4. 5 x 1 0 6 m 2 



= 61 9K/W 



The outlet temperature follows from Eq. ( 8.45b) . 

1 



T - T 
J m.o _ H 



m l c p R t,o , 



= 350K 



Continued 
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PROBLEM S.103 (font.) 



-(60K)exp 



lO^ 4 kg / s x 1050 J/ kg-Kx:61.9K / W , 
The heat rate per channel is then 

qi = mi c p (T m o - T m i ) = 1 (T 4 kg / 5 x 1 050 J / kg ■ K x 8.6 K = 0.S99 W 
and the chip power dissipation is 

q=Nq L =50x0.899 W = 45.0 W < 
(b) With mi = 10 - ^ kg is. Rep = ■'' A c a = 432 and the flow is laminar. Hence, with Xurj = 4.44, 

, k VT 0.0263 W/ni-Kx 4.44 ,^ nTTr , 2 „ 
h = Nu D = = = 1460 W / m z - K 

D h SxlO V 

Willi m = (2 h/kch^ 1 ' 2 = 373 m 1 and mH = 0.0746. the fin efficiency is 

tanhiiiH 0.0744 „ nnr , 

m = = = 0.998 

mH 0.0746 

and the overall surface efficiency is 

Af , . 4.0x10"'' 



= 298.6K 



A t 



4.5x10 

-1 



-(1-0.998) = 0.998 



Hence, R L0 = (/? G h A t ) _1 = ^0.998x1460 W/m 2 K x 4.5 x 10 _e ra 2 j : 

The outlet temperature is then 

" =350K 



:153K/W 



Thl 0 — T s 



-(60K)exp 



1 



^ lO^kg/sxlOOTJ/kg-KxlSSK/Wj 
qi = mi c p (T m;0 - T m i ) = 1 0" 6 kg / s x 1007 J / kg - K x 59.9 K = 0.060 W 

q = Nq L =3.02W < 

COMMENTS: (1) For laminar flow in the channels, there is a clear advantage to using the dielectric 
liquid instead of air. (2) The prescribed channel geometry is by no means optimized, and the number 
of fins should be increased by reducing S. Also, channel dimensions aud'or flow rates could be 
increased to achieve turbulent flow and hence much larger values of h. (3) With L/Db = 125 and 
DDh)fj a; 0.05 Rerj Pr= 500 for the dielectric liquid, fully developed flow is not achieved and its 
assumption yields a conservative (under) estimate of the convection coefficient. The coefficient is 
also underestimated by using a Nusselt number that presumes heat transfer from all four {rather than 
three) surfaces of a channel. 



: 349.9 K 
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PROBLEM 8.104 

KNOWN: Arrangement of chips and cooling channels for a substrate. Contact and conduction 
resistances. Coolant velocity and inlet temperature 

FES'D : (a) Coolant temperature me, (b) Chip and substrate temperatures. 

SCHEMATIC: 

■ Chip,T>=5\N,NflQ fTr 
_ . . , , , %cond\_ 




Waf*7> Ujm =i w/s, 7^,- =zs *C ? j 

ASSUMPTIONS: (1) Constant properties. (2) Fully-developed flow. (3) Incompressible liquid with 
negligible viscous dissipation, (4) Heat transfer exclusively to water, (5) Steady- state conditions. 

PROPERTIES: Water (given): p = 1000 kg/m 3 , c p = 4 180 J/kg-K, k = 0.610 W/m K, Pr = 5.8, \x = 
855 x lO"" 6 kg/s-m. 



ANALYSIS: (a) For a single flow channel, the overall energy balance yields 

q N L P 10x5 W 

^m,o ~~ ''in,! = _ = " = 5 ^ 

dtp P"m-Vp 1000 ka.'m (l in's )( 0.005 m}~ 41 SO J/tg-K 

From the thermal circuit, 
T -1L 



R. r - + R,„„j + R r 



R t . c = Ri c <A S = ( 0.5x10^ m 2 -K/wj/ 10 (0.005 m) 2 = 02 K/W 



With Dh = 4A-/P = 4(0.005 m) 2 /4(0.005 m) =0.005 hl 

Reo _ /J u m D h _ 1000 kg.'in j (1 Hi's) 0.005 m _ ^ 

V 855 xlO -6 kg/s-m 

With turbulent flow, the Guielinski correlation yields 

, k (f/8){Re D -1000)Pr O.6IW/111 K (0. 0368 /8)(5 848 -1000)5.8 r ,„ nl 2 TT 
h = i frr ^75 = — — — tjz ^75 = >406W'm -K 

D l + 12.7(f /S) 1 ' -(Pr 2 ' 0.(Kbm 1 + 12.7(0.0368 /8) 1 ' J (5.S 2 ' i -1) 
where f = (0 . 79inK.ec - 1 . 64)" 1 = 0 . 0368 . 

R conv = ( hAg )" 1 = ( 5406 W.nr K x 4 x 0005 m x DJ2 mj '=0.046 K/W 
Approximating T ra as (T ln _j + T m>0 )/2 = 25.24°C, 

T. = T m + q ( R c c + R cond + R^,^ ) = 25.24°C + 50 W (0.2 + 0. 12 + 0.046) K/W = 43_6°C < 
Similarly, from the thermal circuits. 

% = Tin + 1 R coiiv = 25.24°C - SOW x 0.046X7W = 27.6°C < 

C OMMENTS: (1) Since the coolant temperature rise is less than 0.5°C. all chip temperatures will be 
within 0.5 S C of each other. [2) The channel surface temperature may also be obtained from Eq. 8.41b. 
yielding the same result. 
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PROBLEM 8.105 



KNOWN": Inner diameter of microscale tube, wall thickness of tube, temperature of water inside 
the tube, and temperature of water in cross flow over the tube. 



FIND: (a) Required rube lougth at Re; = 2000, (b) Water outlet temperature, (c) Pressure drop 
associated with the flow of water inside the tube, (d) Height of water column needed to supply the 
required inlet pressure and time needed to collect 0.1 liter of water. Discuss measurement of 
outlet water temperature. 



SCHEMATIC: 



t= 1 1 



Water XTtt 



Water 
T mf = 300 K 



Water 




m 



Water 
V = 2nVs 
T s -3BOK 



d = 50 pm I 

t±3 



Illttt 



ASSUMPTIONS: ( l ) Constant properties and steady-state conditions, (2) Incompressible 
liquid and negligible viscous dissipation. (3) Negligible imcroscale or nanoscale effects. 

PROPERTIES: Table A.6, water: (T m = 305 K): k= 0.620 W/m-K, c, = 417S J.-kg K, [i = 769 

x 10" s N-s/m 2 , Pr = 5.2, p = 995 kg/m 3 : (T = 330 K): k = 0.650 W/m-K, c p = 4194 J/kg-K, u = 
489 x 10" 6 N-s/ml Pr = 3.15, p = 984 kg/m 3 . Table A.3 glass: k = 1.4 W/m-K. 

ANALYSIS: (a) At Rep = 2000, Equation S 3 yields x : - dit = O.OSRetPrD = 0.05 x 2000 x 5.2 x 
SO x 10^ m = 26 x L0" 3 m_ Therefore, L = 2x Hib = 2 x 26 x 10" 3 m = 52 * 10 15 m = 52 mm. < 



(b) Equation 8.45a is 



T - T 

~JL- EJ.,D 



-- exp 



mc p 



(1) 



where we will use U = U; , Aj = A^ . Note that Re D = 4m /(TtDu) so that hi = Re D xD\i /' 4 

= 2000 x it x 50 x 10"* m x 769 * 10" 6 N-s/urM = 60.4 x lO"* kg/V Therefore, = m/(pA) = 
60.4 x KT 8 kg's x 4/ (995 kg/m 3 x % * (50 * 10 * m) : ) = 31 m/s. From Equation 3.31. 

Continued.. 
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PROBLEM 8.103C out.) 



U: = - 



1 dl 



-In 



(d/2 + t). d-'2 1 
d/2 j + (d/2+t)h 0 



(2) 



Ai,L = ndL = 7C x 50 x 10" 111 x 52 * 10" 3 m = 8.17 x 10"" m'. From Equation 8.56, 



— „ „ 0.0663(50 x 10" 6 / 53 xlO~ 3 )x 2000x5. 3 

Nud =3.66 + — ^yy = 4371 

1 + 0.04[(50 x 10" 6 /53 x 10~ 3 ) x 2000x5.3]"' 

and Ld = h: = Nud — = 4.371 x 0.620 W/m ■ K/50xl O^m = 54.2 x 10 3 W/m 2 ■ K . 
D 

For die cross flow of water over the rube, Ret = VDp/u = 2 m/s x (50 x 10" 6 m+ 2 x 1 x 10" 3 
m)(984 kg/m J )/4S9 x lO" 6 Ks/in 3 = 8253. From Equation 7.54, 



Xud =0.3- 



06"2(8253) 1/2 (3.15) 1/3 



[l+(0.4/3.15) 2/3 l 



1 + r^253_| 
" v 282,000 J 



: s 



4/5 



= 85.14 



and 



b D = h 0 = Nu ok .'(d + 2t) = 85 . 14 x 0.65 W / m - K , ; (50 x KrV + 2 x 1 x 1 0 -3 m) = 27.0 x 1 0 3 W / m 3 - K 



Therefore, 
Ui= r 



50x10"* m/2, 

+■ ; hi 



54.2xl0 3 W/m-K 1 4W/m K 
SOxlO^m,'^ 



(50xl0~*m/2 + lxl0" 3 m) 
50xlO"* 5 m/'2 



(50xlO" s m/2+lxlO" 3 m) 27.0 x 10 3 W/iir -K 



= 11.7 xlO 3 W/m 3 K 



Equation (1) becomes 



350K-T m . o 
350K-300K 



= exp 



1 1.7 x 10 3 W/ m : - K >: 8. 17 x 1Q" 6 nr 1 
60.4 x lO^kg/s ■ 4194J/kg ■ K 



or, T BU> =316K 



Continued. 
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PROBLEM 8.105 (t out.) 



(c) For laminar flow. Equation 8.19 yields f = 64/Ren = 64/2000 = 32 * 10 s . Equation 8.22a 
yields 

f puj L 32 xlQ- 3 >: 995kg/ m j x (31m/ s) 2 x52xlQ- 3 m ^^p^ < 
2D 2(50 xlQ -5 !!!) 



(d) The pressure generated by the water column must offset the pressure drop ill the tube. 
Therefore. 

pgH=Ap or H = Ap/pg = 15. 9xl0 6 N/m\. ■'{995kg/ m J x9.8m/s : ) = 1630m = 1.63km < 
The time required for a particular volume of water to flow through the system is 

-r t 0.1 x— — — x995kg/m J 
r = ^P 1000ml I =L650s < 

m 60.4 x 10"* kg; s 



COMMENTS: (1) Micro scale experimentation is often very difficult to perform, hi addition to 
the difficulty m measuring the water outlet temperature, establishing a constant flow rate with 
such a large inlet pressure would be very difficult. (2) Turbulent condition* in micros cale systems 
are rare in nature, and are difficult to achieve experimentally. (3) The glass tube wall is relatively 
thick. Therefore, conduction in the axial direction is likely to be significant. (4) The average mean 
water temperature inside the tube is T m = (T^j - T^/2 = (300 K - 316 K)/2 = 308 K. Hie 
assumed mean temperature of 305 K is good. 
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PROBLEM 8.106 



KNOWN: Diameter? and length of three microchanuels machined in a copper block. & let 
temperature of water flowing through the channel*, copper block temperature, pressure difference 
from rulet to outlet of the channels. 

FIND: (a) Mas? flow rate and outlet temperature m each channel, (b) Average flow rate through 
each channel and average, mixed temperature of water collected from all three channels, (c) 
Comparison between average flow rate? and average heat transfer rates based upon experiment to 
that calculated based upon a single microchannel diameter of 50 urn. 

SCHEMATIC: 



m, 



= 300 K 




□, = 45 urn t 4 



D3 = 55,*n 



ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Incompressible 
liquid and negligible viscous dissipation. (3) Negligible microscale or nanoscale effects, (4) 
Negligible entrance or exit losses in the microchannel s. (5) Fully developed flow for purposes of 
calculating the mass flow rate in each channel, (6) lot hernial copper block. 

PROPERTIES: Table A.6", water: (T Q = 305 K): k = 0.620 W/m-K c P = 417S J/kg-K, li = 7(59 
x lO^N-.s/m 2 , v = 7.728 x 10"' mVs, Pr = 5.2, p = 995 kg/m*. 



ANALYSIS: (a) For the D = 50 urn channel from Equation 8.22a, 

Ap = fpu^Ly 2D = f x 9 05 kg /m 3 x x 20 x 1 Q~ 3 m /(2 x 50 1 O - * m) 

where the friction factor may be evaluated using the Petukhov expression, 
f=(0.790hiRe D -1.64V- 

The Reynolds number may be expressed as 



CD 



(2) 



Re :: , = 



u^D _ u^xSOxlO^m 
v 7.728xl0^m 2 /s 



(?) 

Continued. 
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PROBLEM 8.106 (t out.) 

Simultaneous solution of Equations (1) through (3) yields : for the D = 50 |jm channel, Rep = S45, 
Uju = 13.06 m's. The mass flow rate is 

in = pu m xD : / 4 = 9?5kg ■ m 3 x 1 3 .06m / s x tt x (50 x lO^m) 2 ,■' 4 = 2 .5 5 x 10~ 5 kg / s < 

he thermal entrance length is Xfc it = 0.05E 
11.0 mm. From the Hausen correlation, 



The thermal entrance length is x f(ii , = O OSRecPrD = 0.05 =84 5 x 5.2 *50 x 10" s m = 1 1 .(MO 1 m 



— „ „ 0. 066E x (50 xlO^ni/ 20 x 10 3 m)x 845x5.2 

Nud =3.oo+ ^ 3— —- = 4.27 

1 + 0.04 x [(50 x 10" 6 m/20 x 1 Q~ 3 m) x 845 x 5 .2] 

Hence. 

Nnpk _4.27xO.62W/m-K _ j_29xl0 4 W/m 2 -K 
D 50x10^ m 



From Equation S.42, 
T_(x = L) = X-[E-T^ 1 ]exp 



^h" 



= 31QK-[310K-300K]exp 
= 3G7.9K = 34.9 D C=T nM1 



^ 5Qxl °^ m x 5 .29 x 10 4 W/m 2 - K 

. 2.55x10 -kg/ sx 41 7SJ /kg- K 



< 

Results for the three different channels are shown in the table below. < 





D = 45 mn (case Ti 


D = 50 mn (case 21 


D = 55 mn (case 3) 


Red 


690 


845 


1012 


Ua (m/s) 


11.85 


13.06 


14.23 


m (kg/s) 


1 88 x 10" 5 


2.55 4 0" 5 


3.36 x L0" ; 


Xfi.t (mm) 


81 


11.0 


14.5 


Nud 


4.12 


4.27 


4.44 


h(W/m 2 K) 


5.68 >1 0" 


5.29 x LO 4 


5.01 >1 <f 


T_ , d (K) 


308.7 


307.9 


307.1 



Continued. 
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PROBLEM S.106 {t our.) 



(b) The average mass flow rate is 

rh = (rri! + m : - ) .'3 = .S3 x 10~ 5 +■ 2.55 x 1 0" 5 + 3.36" x 1 )kg/s]/3 = 2.60 x 1 0" 5 kg / s < 

(c) The average, mixed outlet temperature is 

= ( m l T m,D] +rh 2 T mA 2 +m J T m: o,3) / Cmi +m 2 + m 3 ) 
(1.88xl0" 5 kff/sx3O8.7K + 2.55xl0" 5 kg/sx307.9K + 3.3Sxl0" i kg/sx3O7.1K) 

=- 1 =-= ; E -= 307. 7K 

(1.88 x 10" 3 + 2.5-5 x 10"' +3.36x10 -)kg/s 

(d) Equation 8.42 may be re-arranged to 



r "S, T,-^ 2.60xlO _1 kg/sx4178J/kg-K 1 i 310-307.7 ! 2 

■Ini = - ^ £ m = 5Q.S0GU 1 : m -K 

I^-T^lJ 7rx50xl0^mx20xl0" 3 m I 310-300 ) 



PL 



Thus, the inferred value of the mass flow rate is 2% greater than the predicted value for a 50 pm 
diameter channel. The inferred value of the convection coefficient (50 r S00 W7'm2K) is 4l»ss 
than the predicted value for a 50 um diameter channel. The experimenter must carefully assess 
his or her claims since the differences are small and might be attributed to variations in the 
channel dimensions that occur during their manufacture. 



COMMENTS: (1) Experimentation at the microscale is challenging. ^Interpretation of the 
experimental results might occur unless that experimental system is designed very carefully. For 
example, the diameters of the channels might need to be measured after their manufacture. (2) 
When boring holes, the hole diameter is always greater than the diameter of the tool, f the 
experimentalist assumes that the actual hole size is the same as the tool size, what (inappropriate) 
conclusions might he or she mate regarding possible microscale fluid flow and heat transfer 
effects when analyzing the measured results? 
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PROBLEM S.107 
KNOW~N: Air flow through a plastic tube in which evaporation occurs. 

FIND: Convection mass transfer coefficient, h m . 
SCHEMATIC: 




V—- interface (A) 

j | — Ca s uniform over tengfh 



A SSI MPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Heat-mass 
transfer analogy applicable, (4) Fully-developed flow and mass transfer conditions. 

PROPERTIES: Plastic-air (given, 400K): Sc = vvD AB = 2.0: Table A-4. An (400K. 1 atm): 
v = 26.41 * 10" 6 m 2 /s. 

ANALYSIS: For folly- developed flow and thermal conditions with laminar flow and a 
uniform surface temperature, 

Nun = — — = 3.66 
k 

This situation is analogous to the evaporation of plastic vapor into the air stream with the 

inner surface remaining at a constant concentration of plastic vapor. Ca,s, along the length of 
the tube. Invoking the heat-mass transfer analogy. 



Sh D 



h m D 



3.66. 



Dab 

Recognizing that Sc = v/Djyj, 



:.V66 



I Sc J D 



= 3.66x- 



26.4x10 6 m : 
2.0 



1 



2.42 <10 "in s. 



2x10 J m 

COMMENTS: (1) The heat- mass transfer analogy requires that the vapor (A) have a 
negligible effect on the flow. Hence, the flow is that of air (B) and V = Vq. 

(2) Only the mixture property D^B is required to characterize the plastic vapor for this 
evaporation process. 
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PROBLEM 8.108 

KXGYV^N": Air pacing upward through a tube having a thin water film on its inside surface. 

FEND: Convection mas* transfer coefficient. 

SCHEMATIC: 

H D = 3Qmm 




Thin water film 
T w = 300 K 



T 3 = 300K m = 3 kg/h 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Heat-mass ana logy 
applicable, and (4) Fully developed flow and thermal conditions. 

PROPERTIES: Table A.4, Air (300 K, 1 atm): u = 184.6 x 10" 7 Ns/m : , k = 0.0263 W/mK; Table A.S, 
Water vapor-air (300 K, latm): D AB = 0.26 x 10^ m 2 h. 

ANALYSIS: Begin by characterizing the air flow with the Reynolds number. 

4 x (3/3600) kg/s 



Re D = 



4ih 



z^M ,T<0.030mx 184.6* 10 7 N/s-m 2 



= 1916 



Since the flow is laminar, and assuming fully developed flow and thermal conditions, Eq. 8.^5 is 
appropriate for the uniform T s wall condition, 



Nun = — = 3.66 



, 0.0263 W/m K , „ 2„ 

h = x 3 . 6 6 = 3 . 2 1 W/ rrr - K 

0.030m ' 



Invoking the heat-mass analogy, for laminar flow conditions, 



Sh D =^ = Nu~ 



D AB 



D 



0.26x10 4 m 2 L ^ ^ 

Nim = ^ — ^ 3.00 = 0.0032 m/a 

0.030m 



COMMENTS: (1) Tlie heat-mass analogy requires that the water vapor (A) have negligible effect on the 
velocity boundary'' layer. It is important to recognize that the vapor is species (A) and the air species (B). 
Hence the flow is that of air (B) and hence u = lib. 

(2) Note only the mixture property Dab i* required to characterize the water vapor for this evaporation 
process. 
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PROBLEM 8.109 



KNOW~N: Temperature and flow rate of air in a rube with a naphthalene coated inner 
surface. 

FIND: Convection mass transfer coefficient under fully developed conditions and velocity 
and concentration entry lengths. 

SCHEMATIC: 



T= 300K 




=O.OSm 

^Napthatene coating (A) 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable. (2) Uniform vapor 
concentration along inner surface. 

PROPERTIES: Table A-4 : Air (300K, 1 arm): u = 184.6 < 1G~ ; N-s/m\ v = 15.89 x 10 _S 
rtU/s; Table A-S : Naphthalene-air (300K, 1 arm): D^g = 6.2 x 10" m7s, Sc = u, ; D AB = 2.56. 

ANALYSIS : Br air flow through the tube, 

4 m 4x0.04 kg/s 



Rej5 : 



' T D ^ 71 (0.05m) 184.6x10 7 N-s/m 



= 55.178. 



Hence the flow is turbulent and from the Co lbura equation. §. 8.59. 

Sh D = 0.023 Re^' 5 Sc 1 ''' 3 = 0.023 (55, 178) 4/5 (2.56) 1 '' 3 = 196 



Sh D : 



6.2xl0" 6 m 2 /s. 



D " 0.05 m 

From \ 8.4, it follows that 

I CD < x fd h ^x fd c < 60D 



-196 = 0.024 m/s. 



0.3 m < xf,} ^ * xfd c < 3 m. 
An entry length of 0.5m is assumed. 

COMMENTS: Note that the flow properties are taken to be those of the air, with the 
contribution of the naphthalene vapor assumed to be negligible. 
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PROBLEM 8.110 

KNOWN: Air flow over roughened section of tube constructed from naphthalene. 

FIND: Mass and heat transfer convection coefficient? associated with the roughened section, contrast 
these results with those for a smooth section. 

SCHEMATIC: 



ASSUMPTIONS : (1) Steady-state conditions, (2) Heat-mass transfer analogy applicable, (3) 

Negligible naphtlialene vapor in airstream, f>\ m = 0. (4) Constant properties, (5) Naphthalene vapor 
behaves as perfect gas. 

PROPERTIES: Table A-4, Air (30QK, 1 aim): v = 15.89 x lO" 6 m7s, k = 0.0263 W/m-K, Pr = 

-5 2 

0.707: Table AS. Naphthalene-air mixture (300K. 1 aim): D AB = 0.62 x 10 " m /s, Sc= vb/T>ab = 

-4 

2.563: Naphthalene (given, 3 0QK) : p sat .a = 1 - 3 1 x 1 0 bar, = 1 2 8. 1 6 kg/kmol. 

ANALYSIS: Using the rate equation with the experimentally observed subhrmnation rate of 
naphthalene vapor, the average mass transfer coefficient for the section is 

h m = m A Ox DL) ( p A ,s - pj± m ) 

PA,m = 0 />A,s = P. Asat ( 300K ) = M A Psat,A ' WT 

p K s = 128. 16 kg/kmol x 1.31-:10 bar = 6. 73 1 x 1 Q -4 ka ; m 3 

8.314x10 ^m J -har/kiiiol Kx300K 

h m = 0 010 kg /(>x0.075mx 0,150m) (6.731xl0~ 4 -Ol kg'm 3 =3.89x1 0~ 2 m/'s. < 
m 3 x 3600 s K ' \ ! 

Invoking the heat-mass transfer analogy, the associated heat transfer coefficient is 

, , k fPrV"' 3 _ on ..-2 . 0.0263 W/m-K f 0.707 f'' 3 .._„. 2 v ^ 

n=ll m — = 3.89x10 z m/s — =107 W/m-K. < 

DAB\ St V 0.62x10 3 m 2 /sV2-563 J / 

Hie corresponding convection coefficients for a smooth section can be estimated using the Colbum 
relation, 

h = ^ 0 . 023 Re£ 5 Pr 1 ''' 3 = ( 0 . 02 S3 W/ra ■ K'0 .075 m) x 0.023 ( 3 5, 000) 4 1 5 (0 . 707 f 1 3 = 3 1 W/rn 2 - K. < 
Invoking the heat-mass transfer analogy, 

n m = (Dab ' D) 0.023 ReD'Sc 1 ' 3 = f 0.62 >: 10 _5 m 2 /&/0.075 in J x 0.023(35, 000) 4/5 (2.563 J 1 ' 3 

1^= 1.12 x 10 _2 m/s < 

COMMENTS: The effect of roughening is to increase the convection coefficients over the 
corresponding value for the smooth condition: in this case, by a factor of approximately 3.5. 
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PROBLEM 8.111 

KNOWN: Dry air with prescribed veLocity and temperature flowing over a thin-walled tube with a 
water-saturated fibrous coating. Water passes at a prescribed rate through the tube to maintain an 
approximately uniform surface temperature T s = 27°C. 

J- LVD : (a) Heat rate from the external surface of the tube considering heat and mass transfer processes 
and (b) For a flow rate ofm = 0.025 kg/s, the inlet temperature, T^j, of the water that must be supplied to 
the tube. 

SCHEMATIC: 




Saturated surface condition 



ASSUMPTIONS: (1) Steady-state conditions. (2) Constant properties, (3) Heat-mass analogy 
applicable, and (4) Water in tube flow is incompressible with negligible viscous dissipation. 

PROPERTIES: Table .4.4, Air (Tf = (T s + I.J/2 = 304 K): p = 1.148 kg/m\ c p = 1007 J/kg K, v = 
16.29 k 10"' rrr/s. k = 0.0266 W/m-K, a = 23.09 x Iff* mi's, Pr = 0.706; Table A.6, Water (T, = 300 K): 
p A , ; = 1/v. = 0.02556 kg/nr\ h^ = 2438 kJ/kg, u. = 855 x 10 s N-sk 2 ; Table A. 6, Water (T m = 305 K): p 
= 995 kg.'m\ c P = 417S J/kg-K u = 769 x 10' s N-s/m : . k = 0.620 W/m-K, Pr = 5.20, Table A.S, Water 
vapor-air (T ; = 300 K): D AB = 0.26 x 10" 4 m 2 /s. 

ANALYSIS: (a) On the Schematic above, the surface energy balance yields 

lout = Iconv + levap 1 1 ■' 

and substituting the rate equations, 

Iconv = ^o A s ( T s ~ T oc ) q evap = u A h fg = ^m A s (. PA, s ~ PA ,co ) hf g (2-3) 



where h 0 can be estimated from an appropriate correlation and h ra from the heat-mass analogy' using h n . 

Estimation of the heat transfer coefficient, k 0 : The Reynolds number, evaluated with properties at Tf = 

(T 5 + T„>'2 = 304 K, is 



VD lOin/sx 0.020m „ „„ 

Re^) = = ■ ; — = 12, 277 

0 v 1.629x10 ^m'/s 



(4) 



Using the Churclull-Bernstem correlation, Eq. 7.54, for cross flow over a cylinder, find h 0 

Re D.o 



Nu D . o = 0.3 + - 



O^Re^Pr^" 3 



[l + (0 4/Pr o ) 2/3 ] 1M 



1 + 



[ 282. 000 



(5) 



Continued.. 
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PROBLEM 8.111 (Cent.) 



a/ 1, 



■M 3 



2 + 



f 12,277 ^ 5/S 
[ 282,000 j 



0.62(12, 277 T (0.706) 

D;0 r \iJ* 

j l-( 0.4/0. 706) i 

0.0266 W/m-K ,„ , „„„„,/ 2 „ 
1 x 60 1 = 80.0 W/ in ■ K 



4 5 



h 0 = — NuD r0 



0.020m 



The Heat-Mass Analog}': From Eq. 6. SO, with n = 1/3 , 
r f 



Dab 



h m = 80.0 W/ in -K 



1.14Sks/in 3 xl007j/fcg-K| 



I :"■ '9 * : : '"' m 2 /s/o.26 xlO 4 ci" / -. 



(6) 

= 0.0749 m/s 



Hence, the heat rate leaving the tube surface from Eq. (1) is, 

lout = [so w/m" -K(27 -35) C 'C + 0.0749m/v(0. 02556 -0)kg/m 3 x243Bx 10 3 j/kgJ(K-3t0.020mx0.200m) 

q out =-8.04 W + 58.65 = 50.6 W < 
(b) For tube flow analysis, tiue heat rate and rare equations, are 



q = mc p (T mi0 -T m j) 



■ exp 



,rDL 
iiic p 



C7.8) 



where T.. = 27°C, the uniform temperature of the rube surface, and q = -50. 6 W according to the analysis 
of part (a). To estimate hj , first characterize the flow, 
4m 4x0.025kg/s 



Re D ; = 



^ D Mi k x 0.020 mx 769 xlO -6 N-s/m 2 



= 2070 



using properties, evaluated at an assumed mean temperature, T m = 305 K (slightly above T ; ). The flow is 
laminar, and assuming a combined entry region, use the Sieder-Tate correlation, Eq. 8.57, 



Nud,i = 1-86 



RfD,! 1 ^ I I U " 



L/D 



-; 



(10) 



Nu D i = 1.86 



1/3/ _fi\0-W 
2070x5.20 ) " - 769 xlO -0 



0.200/0.020 J [855xl0~ 6 , 



- k s — 0.620 W/m-K -„-„./ 2 

h. = — l\irn i = i x 18.78 = 382 W/m -K 

D 0.020m 

Referring to Eqs. (7) and (S), recognize that there are two unknowns, T^j and T mi0 . as we have evaluated 
both q and . Using the IHT solver, we found 

T = 34.2°C T = 33.7'C < 



Continued... 
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PROBLEM 8.111 (Cant.) 



COMMENTS: (L) Using the IHTRate Equation Tool, Rate Equation for a Tube. Co?istant Surface 
Temperature, and the Correlation, Internal Flow. Laminar, Combined Entry Length, a model to perform 
the analysis for parr (b) was developed and is copied below. 



.'7 Rate Equation Tool ■ Tube, Constant Surface Temperature: 

f For flow through a tube with a uniform wall temperature. Fig 6.7b the 

overall energy balance and heat rate equations are */ 

q = nidot*cp*(Tmo - Tmi) It Heat rate , W; Eq 8.34 

q= -50.64 II Heat rate, W; required to sustain heat loss on outer surface 

(Ts - Tmo} / (Ts - Tmi) = exp i - P * L * h / (moot 1 cp)) // Eq fl.41b 

.7 where the fluid and constant tube wall terriDeratures are 

Ts = 27 + 273 // Tube wall temperature, K 

Tmi_C = Tmi -273 tt Inlet mean fluid temperature, K 

Tmo_C = Tmo - 273 tt Outlet mean fluid temperature, K 

// The tube parameters are 

P = pi * D tt Perimeter, m 

Ac = pi * (D"2) / 4 It Cross sectional area, m*2 

□ = a .020 ;7 Tube d iameter, m 

L = 0.20 It Tube length, m 

// The tube mass flow rate and fluid themtcphysical properties are 

nidot = rho "urn* Ac 

mdct = 0.025 



.7 Properties Tool - Water 

// Water pro aerty functions :T dependence. From Table A. 6 
// Units: T(K>, p(bars); 

y. = 0 tt Quality (0=sat I iquid or 1 =sat vapor) 

rho = rha_lM ' Water", Tm,x) // Density, kg/m*3 

cp = cp_Txr Water", Tm.x) // Specific heat, J/kg-K 

mu =mu_TxpA/ater",Tm.K) //Viscosity, N-ahi'2 

mus = mu_Tx{"Water",Ts ,x)ll Viscosity, tl**2 

nu = nu_Tx("Water".Tm,x) // Kinematic viscosity, m*2/3 

k = k_~:-:( Wa:e'".Tn.>:: //Thermal conductivity. Wfm-K 

Pr= Pr_Tx(" Water" ,Tm,x) // Prandtl number 

Tm = Tfluid_avg{Tmo, Tmi) // Average mean temperature K 

//Tm = 30D // Assigned value, initial sdve 

//Correlations Tool - Internal Flow. Laminar, combined entry length 

NuDbar = NuD_bar_IF_L_CEL_CWt(ReD.Pr.D,L.mu,nius} tt Eq a. 57 
NuDbar = h * D I k 
ReD = urn ' D / nu 



.7 Data Browser results: 

Ac NuDbar P Pr ReD Tmi Tmi_C Trro 

Tmo_C cp h k rru mus nu rho 

um □ L Ts mdot q x Tm 

0.0003142 1A.64 0.06283 4.975 2150 307.2 34.18 306.7 

33.7 4178 5B0.8 0.6231 0.0007403 0.000855 7.445E-7 994.3 

O.OS004 0.02 0.2 300 0.025 -50.64 0 306.9 



(2) For the internal flow with Pr = 5, the Hausen correlation would also be appropriate and yields 
Nud = 17.5, in reasonable agreement with the Sieder-Tate correlation. 
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PROBLEM S.112 

KNOWN": Density-' and flow rate of gas through a tube with evaporation or sublimination at the tube 
surface. 

FIND : (a) Longitudinal distribution of mean vapor density, (b) Total rate of vapor transfer. 
SCHEMATIC: 




— ^ V 



1 ' A ' 



ASSUMPTIONS : (1) Steady, incompressible flow. (2) Flow rate is independent of x r (3) Negligible 
chemical reactions. (4) Uniform perimeter P. 

ANALYSIS: (a) Applymg conservation of species to a differential control volume 

{ &PA:m ' 

PA,m u m A c +dn A =| PAjn + ^ dx ] % A c 

or with u m A c = ^°-'P anc ^ ^ n A = j /?A,s — /^Am)- 

dx = h m Pdx( p^ - /?A,m ) ■ 



iii d PA,m 



p dx 
Separating variables and integrating. 

i PAja dp ^ =? ^Pdx h m dx 

PAmi PAs-AAm 0 m m 0 

, PA. 3 -^A.iu pP^h m Pa^ -j°A,ih( x ) | PPxt- 
fn = — or : = exp| h, 

Pp^s "^Adij m ^Ai-^iELi V m 

(b) With A/3A = PA : s - PA.ni . 

n A = (m/p) (p A ,m,o ~ />A,m.i ) = ~ {™P) { A PA,o ~ A PA.i ) 
and from Eq. (1) with 

m =PLh m /fn 



P ^ Ap Ajl 

it follows that 

A PA,o ~ A PA,i 



n A = V p L 



^(^Ao^Ai) 



COMMENTS: Due to the addition of vapor, m will actually increase with x. However, if the 
specific humidity of the saturated gas- vapor mixture is small (as is usually the case), the change in m 
will be small. 
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PROBLEM S.113 



KNOWN": Flow rale and temperature of air. Tube diameter and length, fesence of water film on 
tube inner surface. 

FES'D: (a) apor density at tube outlet, (b) Evaporation rate. 
SCHEMATIC: 

D'OOllTT ________ 

Water film (Hi 

ASSUMPTIONS: (1) Steady, incompressible flow. (2) Constant flow rate, (3) Isothermal system 
(water film maintained at 25 S C). (4) Fully developed flow. 

PROPERTIES: Table A-4. Air (1 atm 29SK): p = 1.1707 kg/m 3 , u = 183.6 x Id" 7 N-5.'m\ v = 

-6 2 3 =• 

15.71 >: 10 m /s; Table A-6, Water vapor (298K): p^_ sat = l/v„ = (1/44.25 m /kg) = 0.0226 kg/m : 

-6 2 ' : ' 

Table AS, Air-vapor (298K): Dab = 26 x 10 m ;'s: Sc = v/DaB = 0 GO- 




ANALYSIS: (a) From Equation 8.84, 
4 lit 



K DL - 



Re D =- 



4x3xl0^*kg/s 



71 D M 7i { 0.0 1 m ) 1 83 .6 x 10 1 N ■ s/ni 2 
Flow is laminar and from the mass transfer analogy to Eq. 8.57. 

/ 2080x0.60'' 



!080. 



Sho =1.86 



f Re D ScY''' 3 



I L/D 



= 1.86 



100 



■Shp Dab 4.31x26x10 6 m- /s 



D 



0.01 m 



= 4.31 



: 0.0112 m/s 



PA,m,o= 0 - 0226k £ ; ' ra 



-0.0226 kg/m" exp 



71 < 0.01 m < 1 mxl.17 kg/m J x 0.01 12 m's 



3X10 -4 kg/s 



= 0.0169 k°/m J 



J 



(b) The evaporation rate is 

/ m . ■, 3x10 ka.'s kg _a . 

n A =u m A £ ( j0Am _ o -^ m _ i ) (/?A.mo) ! ^0.0165^ = 4.33x10 0 kg/s. < 

P 1.1707 kg/m m 

COMMENTS: With 

A/>a,o = ApA,iexpj -^^h m 

the evaporation rate is 

Va,o "Hi 



0226 exp 



,tx0. 01x1x1. 17 m 
—j 0.0112— 

3x10^ kg/s s _ 



3 



= 5.73x10 3 kg/m 3 



m , i 0.00:73-0.0226 i kg/in _g 

0.0112 — 7s (0.01m Urn-* — = 4.33*10 "fca-s 

fti(VA,o / <VA,i) s fti (0.00573/0.0226) 



which agrees w : ith the result of part (b). 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 8.114 



KNOWN: Flow rate and temperature of air in circular tube of prescribed diameter. Inner 
tube surface is wetted. Flow is fully developed and inlet air is dry. 

FIND: Tube length required to reach 99% of saturation. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady, incompressible flow, (2) Constant flow rate, (3) Water film is 
Edsoat25 c C. 

PROPERTIES: Table A-4, Air (298K, 1 atm): p = 1.17 kg/m 3 , ji= 183.6 x 10" ? N s/ml v 
= 15.71 x 10" m /s; Table A-6, Water vapor (29BK): p A ,sat = l/v g = (1/44.25 m /kg) = 
0.0226 kg/m 3 : Table AS, Air- vapor (298K): D AB = 26 x W' 6 nfVs, Sc = v/D^b = 0.60. 



ANALYSIS: If pA.rn.o = 0-99 p A _ s , it follows from Equation £.84 that 



= 0.01 = exp — ^h, 



With 



Re D = 



PA,s 
4 m 



m 



4x10 J .ka/s 



xVfi , T (0 01 m) 183.6x10 7 N s/m 2 



= 6935 



the flow is turbulent and the mass transfer version of the Colburn equation is 
Sh D = 0.023 Re J' 5 Sc 1/3 = 0.023(6935) 4/ 3 (0.60 J 1 '' 3 = 22.9 

Sh D 0^ 22.9x26*10-^/. 
m D 0.01m 



Hence 



0.01 =exp 



( - x 

jT x 0.01 m x L x 1 . 1 7 kg/m 



10 3 kg/s 



0.0595 ms 



0.01 =exp (-2.1 SSL) 
L = 2.1 m. 



COMMENT: With Re^ < 1Q,Q00 : the mass transfer analog of the Gnieluiski correlation would be 
preferable. 
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PROBLEM 8.115 

KNOWN: Flow rate and temperature of atmospheric air in circular tube of prescribed diameter. Flow 
is fully developed, and air is dry. Inner tube surface is. wetted. 

FIND: (a) Tube length required to reach 99% saturation, (b) Heat rate needed to maintain tube 
surface at air temperature. 

SCHEMATIC: 

m*10~ s kg 
Tin '29BK 

AS SUMPTIONS : (1) Steady, incompressible flow, (2) Constant flow rate. 

PROPERTIES: Table A-4, Air (29SK. 1 aim): a = 1.17 ks/m 3 . u = 183. 6 x 10" 7 Ns/iif. v= 15.71 

-6 2 3 3 

x 10 m /s; Jai/e .J- 6", Water vapor (29 8K): v s = 44.25 m /kg, pa sat = L'^gr = 0.0226 kg/m , hf s = 

(5 2. * w 

2443 kJTkg: Table AS, Air-vapor (29 8K): Dab = ^ *10" ™ /s, Sc = v.'Dab =0.60. 



ANALYSIS: (a) If pA.m.o = 0 55 PA.s> ir follows from Problem 8.112 that 

( xDLp - ^ 



WlTh Re D =^ = 4X1Q " 3 k5 \ - = 3467. 

x D M ,t (0.02m ) 1S3.6x 10 ^N-s/m 2 

The flow is turbulent (weakly) and the mass transfer analog to the Colbum equation is 
Sh D = 0.023 ReJJ 5 Sc 1/3 = 0.023 (3467 ) 4/ 5 (0.60) 1/3 = 13.2 

= Sh pDAB = 13.2<26xlQ-* m 2 / 8 = ?2 ^ 
m D 0.02 m 

Hence. 

m , „ 10 _3 kg/sxj:nf0.01) 

L = - fn(0.0l) = - ^ - = 3.64m. < 

ff D /> h m ,r(0.02rn)1.17 kgmi (0.0172 mfi) 

(b) The required heat rate is 

q = n A h f5 n a = lw DL-— — — _ 

M A ^A,o ' Va,i) 

n a = 0.0 1 72m/s x JT ( 0.02m ) 3 .64m ^ AJ> 

A ' in [0.01) 

n A = -8.542 ^lO -4 in 3 /s| -0.99x0.0226 kg/m 3 ) = 1.91 x 10~ 5 kg/s 

q = n A bf g = 1 .9 1 x 10~ 5 kg/s x 2.443 x 10 6 J/kg = 46.7 W. < 

COMMENTS: (1) The evaporation rate is low: hence the heat requirement is small. (2) The 
evaporation rate can also be calculated from 

n A = m(pj^ 0 / p — pjy / p) — m / p(0_99p ^ 3 ) = 1 .9 1 x 1 0 -5 kg / s which a grees with the prec eding re suit. 
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PROBLEM 8.116 

KNOWN: Tube Length, diameter and temperature. Air temperature and velocity. Saturation pressure 
of thin liquid film and properties of vapor. 

FIND : (a) Partial pressure and mass fraction of vapor at tube exit., (b) Mass rate at which liquid is 
removed from the tube. 



SCHEMATIC: 



0.05 m 



Dry a\r{B]p, 

u m = 0.5 m/s 

T m = 300 K 



Volatile liquid (A) 
PA.sai = 15 mm Hg, p A 




PA.oi pA,m,o 



behavior, (4) Mass flow rale is independent of x. 



ASSUMPTIONS: (I) System is isothermal at 300K. (2) Steady, incompressible flow, [3) Perfect gas 
ss flow I 

PROPERTIES: Table A-4. Air (300K. 1 aim): p= 1.16" kg/m", v= 15.9 x 10~ 6 m 2 /s. Prescribed, 

-5 2 

Vapor (300K): PA.-sat = nml Hg r 5Jl^ = 70 kg/kmoL Dab = 10 m"/s. 

ANALYSIS: (a) With the vapor assumed to behave as an ideal gas. pa = HT = ^| 9\/ )T, 
and isothermal conditions, the vapor pressure at the outlet may be obtained from the expression 



P A.sat ~ PA.o PA,s ~ PA: 



PA,sat - PA.i PA* ~ PA,m,i 



■ exp 



/M-DLh r 



m 



where m = p a m A c = 1 . 16 kg / m 3 x 0.5 m / s x n ( 0.05 m ) 2 / 4 = 1 . 1 4 x 1 0 _J> kg / s.. With ReD = u m D/ v - 
0.5 m's >: 0.05m/ 15.9 x 10"^ di'.'s = 1570. the flow is laminar and h m may be determined from the 
mass transfer analog to Eq. 8.57. With Sc = i/Dab = 1.59 and [Reo Sc/fE/D)] 1 ' 3 = 2.92 > 2 



Sh n D 



D 
D 



■■ 1.S6 



D 



Hence, ivifh pA.i = 0 

PA,o =P A.sat 



1-exp 



L/D J 
ATDLh 



1.86x2.92x- 



10 J m- 



— = 1.09x10 3 m/s 



0.05m 



:ll 



= 15l 



iHg[l- 



■ 



exp 



-3. 



1 1 6 kg / m J x Jt y, 0.05m x 5m.x 1 .09 x 10 J m / s 



1.14x10 " kg/s 
Hie corresponding mass density of the vapor is 

PA = o3t: A 8.7mniHgx70kg/kmol 



PAj 



= 8.7 mm Hg 



= 0.0326 kg im i 



= 3.20x10 'kg/s 



(760 mm Hg / atm) ( 0.082 m- atm / kmol ■ K j 3 0OK 
(b) The evaporation rate is 

n A = u m A c ( PA in c ~ PA in i ) = 0.5m / s x 1.96 x 1CT 3 m 2 x 0.0326 kg /ui 3 
COMMENTS: (1) Since the evaporation rate (n A = 3.2 x 1 0 " kg/s) is much less than the air flow 7 
rate (rii = 1.14 x 10 kg/s). the assumption of a fixed flow rate is reasonable. (2) The evaporation 
rate is also given by iia = V tc D L A pA,lm = - h m jt D L pA ; ui,o/hi [(pA,sat - PA^XpA.sat] = 3-22 x 
10 " kg-'s, which agrees with the calculation of part (b). 
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PROBLEM 8.117 

KNOWN: Air flow rate through trachea of diameter D and length L. 

FIND: (a) Average mass transfer convection coefficient. h m . and (b) Rate of water loss per day 
(liter/day). 

SCHEMATIC: 



I T m = 310K 
tQt*WS 1 -j h =ioftar/min 
PA.m.i = 0 s- Trachea 



Water (A) 

Pa,s (t. 



Pa rr.a 



ASSUMPTIONS: (1) Trachea can be approximated as a smooth tube wit hum form surface 
temperature, (2) Laminar, fully developed flow. (3) Trachea inner surface is saturated with water at 

body temperature. T s = 37°C. (4) Negligible water vapor in air at 3 10 K during initiation and (5) 
Heat-mass analogy 7 is applicable. 

PROPERTIES: Table A-4, Air (310- K, 1 ami): pa = 1.128 kg/m\ u = 1.S93 x 10" N-s/m 2 , Table 
A-6, Water (T, = 37°C = 310 K): pA,f = 993 kg/rrf\ pA, g = 0.04361 kg- in; Table AS, Water-vapor air 
(310 K, 1 aim): D AB = 0.26 x 10" 4 (31D/298) 3 '' 2 = 2.76 x 10" 3 m 2 /s. 

ANALYSIS: (a) Begin by characterizing the air (B) flow m the trachea modeled as a smooth tube, 
4m 4V/>g 



Re D 



4 :•< 10 krer mm:- 1 0 " m hter ■; 1 mm 60s :■ 1.126 ka nv 
Re D = = 632 

jtx 0.020 mx 1.893x10 3 N-s/m 
Hence, the flow is laminar, and for fully developed conditions and invoking the heat-mass analogy 
Nu D = Sh D = 3.66 Sh = h lu D / D^g 

V =3.66 Dab /d = 3-66 x 2.76 x 1Q~ = m 2 /s." 0.020 m = 0.0O50 m s < 
(b) The species (A) transfer rate equation. Eq. 8.81, lias the form 

A ^ [PA,s ~ PA,m,o)-(i°A ; s ~ PA,m^) 

' m f < m [_{pA,s ~ PA,m,o ) ' {PA,s ~ PA,m,i ) 
where the mean outlet species density, pA.m.o- catl ^ e determined fromEq. S.S4 

PA,s~PA,m.o \ h m pPL"j 
= exp — — 

PA^-pA.m,i \ U1 J 

where lii / p = u m A c = Vg . Substituting numerical values with P = kD, find 

PA.m.o =0-009233 n A = 1.54x 10" 6 kg/s 

The volumetric rate of water loss on a daily basis, assuming a 12 hour inhalation period, is 
V A =(l.54xl0" 6 kg/s/993 kg / m 3 J x 1 0 3 liter /m 3 x(3600s/hx24 h/day) 

V A =0.134 liter /'day 
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PROBLEM 8,118 

KNOWN: Air (species B) is in fully developed, laminar flow .is it enters a circular tube wetted with 
liquid A (water). Tube length and diameter. Flow rare of air and system temperature. 

FIND: (a) Governing differential equation for species transfer, (b) Heat transfer analog and an 
expression for Shu, (c) GeneraL expression for Pa.qlo, (d) Value of pA.aLo for prescribed conditions. 

SCHEMATIC: 

D = 10 mm- 1 j — 25 qq 



c 



2.5 x 1CH-kg/s W„,w,„„,w„-,,„>t 



T=25 °C 




Water film (A) L = 1 m 

p A,s = p A,sat ( T s> 



ASSUMPTIONS: (1) Steady, incompressible flow. (2) Flow rate is independent of x, (3) Laminar fully 
developed flow (hydrodynamically). (4) Isothermal conditions. (5) Dry air at inlet. 

PROPERTIES: Table A.4, Air (298 K, 1 aim): p = 1.1707 kg/m\ u = 1S3.6 x 10" ; N-sW, v = 15.71 x 
10" 6 nils; Table A.6, Water vapor (298 K): p^, = l/v E = 0.0266 kg/m J ; Table A.8, Air-vapor (298 K): 



Dab = 26 x 10"' m'/s. Sc = v/D AB = 0.60. 

ANALYSIS: (a) The governing differential equation may be inferred by analogy to Eq. 8.48. In this 
case 7 the dependent variable is the vapor mass, density. pA (x.r), and the diffusivity is Dab- It follows that 

u <%>A _ D AB ( #PA \ < 

The entrance condition is 

p A (0,r) = G < 
and the boundary conditions are 

Pa( t o- x ) = PAj P A | r= o 1& flmte 

(b) The foregoing conditions are analogous to those of the thermal entry length condition associated with 
Eq. 8.56. Invoking tins analogy the average Sherwood number for laminar, fully developed flow is 



- 0.066S(D/L)Re D Sc 
ShD = i-00 



l + 0.04[(D/L)Re D Sc] 2 ' 3 

(c) Applying conservation of species to the differential control volume. 

. * ( d AA,m , ) . 

PA ; m ll m A c + dn A = PA,m + — dx | u m A c 

or, with UoA = m/p and dn A = h m ,TDdx ( p A s - p& m ) 
lii &PA,m 



-dx = h m ,TDdx [ p A>s - p A m ) 



P dx 

Continued... 
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PROBLEM 8.118 (Coin.) 

PA.rn d ^A,m _ fX A^Dli m . 



— exp - 



PA,s ~ PA,m,i 
atx= L. 

/^A.s _ A'A.m.o _ 



1 



= exp j' - 



PA._s.~ PA,m,i V m J 

(d) For rhe prescribed conditions, Reo = 4iii/>Dw = 4(2.5 x 10" J kg/s)/jt(a.Dlm)183.6 x 10~ 7 N s/m 2 = 
173- and p-L)Re-Sc = (0.01 m-'l m)1734(C.c") = 10.-. Hence. 

— 0.0668(10.4) 

Sh D = 3 66 + 1 = 4.24 

1 + 0. 04(10.4) 

h m = ShD (Dab/D) = 4.24^26x10^ m 2 /s/o.01m ] = 0.01 1 in/? 

Hence. 

PA,s ~ PA T m,o ' 1.1707kg/m 3 x;rx0.01mxlmxO.Qllm/i, ' ^ 
PAja-PAjnj \ 2.5x10^" kg/s ; 

PA,m,o=PAs ~° 198 (rA r3 -PA,rry) = 0.0226kg/m 3 (1-0.198) = 0.0181kg/m 3 < 



COMMENTS: Due to evaporation, m actually increases with increasing x. However, the increase is 
small, and the assumption of fixed m is good. 
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PROBLEM 9.1 



KNOWN: Tabulated values of density for water and definition of the volumetric thermal 
expansion coefficient, p. 

FIND: Value of the volumetric expansion coefficient at 300K; compare with tabulated 
values. 

PROPERTIES: Table A-6, Water (300K): p = l/v f = 1/1.003 x 10" 3 m 3 /kg = 997.0 kg/m 3 , 
P = 276.1 xl0" K ;(295K): p = l/v f = 1/1.002 x 10" m /kg = 998.0 kg/m ; (305K): p = 
l/vf = 1/1.005 x 10" 3 m 3 /kg = 995.0 kg/m 3 . 

ANALYSIS: The volumetric expansion coefficient is defined by Eq. 9.4 as 



P 



dp 
d T 



A 



The density change with temperature at constant pressure can be estimated as 

' dp J p\~P2 
'-~ T!-T 2 J p 



d T 



where the subscripts (1,2) denote the property values just above and below, respectively, the 
condition for T = 300K denoted by the subscript (o). That is, 



1 



P\~P2 



AA T 1- T 2 
Substituting numerical values, find 

-1 (995.0-998.0) kg/m 3 



997.0 kg/m 3 (305- 295) K 



= 300.9x10 6 K l . 



•1 



Compare this value with the tabulation, P = 276.1 x 10 K , to find our estimate is 8.7% 
high. 

COMMENTS: (1) The poor agreement between our estimate and the tabulated value is due 
to the poor precision with which the density change with temperature is estimated. The 
tabulated values of P were determined from accurate equation of state data. 

(2) Note that P is negative for T < 275K. Why? What is the implication for free convection? 
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PROBLEM 9.2 



KNOWN: Relation for the Rayleigh number. 

FIND: Rayleigh number for four fluids for prescribed conditions. 

SCHEMATIC: 





a7"= 30°C 
L=O.Ol7?7 



ASSUMPTIONS: (1) Perfect gas behavior for specified gases. 

6 2 6 2 

PROPERTIES: Table A-4, Air (400K, 1 atm): v = 26.41 x 10" m /s, a = 38.3 x 10" m /s, (3 = 1/T 

-3 -1 -6 2, -6 

= 1/400K = 2.50 x 10 K ; Table A-4, Helium (400K, 1 atm): v = 199 x 10 m /s, a = 295 x 10 

2 3 1 6 2 

m /s, p = 1/T = 2.50 x 10~ K ; raMe A-5, Glycerin (12°C = 285K): v = 2830 x 10~ m /s, a = 

0.964 x 10" ? m 2 /s, p = 0.475 x 10" 3 K -1 ; TaMe A-6, Water (37°C = 310K, sat. liq.): v = Uf v f = 695x 

6 2 3 3 6 2 3 

10" N-s/m x 1.007 x 10~ m /kg = 0.700 x 10~ m /s, a = k f v f /c p f = 0.628 W/m-K x 1.007 x 10" 

m 3 /kg/4178 J/kg-K = 0.151 x 10" 6 m 2 /s, p f = 361.9 x 10" 6 K -1 . 

ANALYSIS: The Rayleigh number, a dimensionless parameter used in free convection analysis, is 
defined as the product of the Grashof and Prandtl numbers. 

g/?ATL 3 MCp _ g/?ATL 3 (^)c p _ g/?ATL 3 



Ra L =GrPr = 



va 



where a = k/pcp and v = Lx/p. The numerical values for the four fluids follow: 
Air (400K, 1 atm) 

Ra L =9.8m/s 2 (1/400K) 30K(0.01m) 3 / 26.41 xlO" 6 m 2 /sx38.3xl0" 6 m 2 /s = 727 < 
Helium (400K, 1 atm) 

Ra L =9.8m/s 2 (l/400K) 30K(0.01m) 3 /199xl0" 6 m 2 /sx 295x 10" 6 m 2 /s = 12.5 < 
Glycerin (285K) 

Ra L = 9.8m/s 2 ^0.475 x 10~ 3 K _1 j 30K (O.Olm) 3 / 2830 x 10" 6 m 2 / s x 0.964 x 10" 7 m 2 / s = 5 12 < 
Water (31 OK) 

Ra L = 9.8m/s 2 ^0.362 x 10" 3 K _1 j 30K (O.Olm) 3 / 0.700 x 10" 6 m 2 / s x 0. 151 x 10" 6 m 2 / s = 1.01 x 10 6 . < 

COMMENTS: (1) Note the wide variation in values of Ra for the four fluids. A large value of Ra 
implies enhanced free convection, however, other properties affect the value of the heat transfer 
coefficient. 
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PROBLEM 9.3 

KNOWN: Form of the Nusselt number correlation for natural convection and fluid properties. 

FIND: Expression for figure of merit Fn and values for air, water and a dielectric liquid. 

PROPERTIES: Prescribed. Air: k = 0.026 W/m-K, fi= 0.0035 K" \ v = 1.5 x 10" 5 m 2 /s, Pr = 0.70. 
Water: k = 0.600 W/m-K, fi= 2.7 x 10" 4 K" \ v = 10" 6 m 2 /s, Pr = 5.0. Dielectric liquid: k = 0.064 
W/m-K, fi= 0.0014 K'\ v = 10" 6 rn7s, Pr = 25 

ANALYSIS: With Nul ~ Ra 11 , the convection coefficient may be expressed as 



h~ 



gyffATL 3 ^ 

av 

v J 



" (gATL 3 )" 



The figure of merit is therefore 



k/? n 



a n v n 



and for the three fluids, with n = 0.33 and a = V I Pr , 



W-s 2/3 /m 7/3 -K 4/3 



Air Water Dielectric 
5.8 663 209 



Water is clearly the superior heat transfer fluid, while air is the least effective. 

COMMENTS: The figure of merit indicates that heat transfer is enhanced by fluids of large k, large 
P and small values of a and v. 
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PROBLEM 9.4 



KNOWN: Temperature and pressure of air in a free convection application. 
FIND: Figure of merit for T = 27°C and P = 1, 10 and 100 bar. 

ASSUMPTIONS: (1) Ideal gas, (2) Thermal conductivity, dynamic viscosity and specific heat 
are independent of pressure. 

PROPERTIES: Table A.4, air: (T f = 300 K, p = 1 atm): k = 0.0263 W/m-K, c p = 1007 J/kg-K, 
v = 15.89 x 10" 6 m 2 /s, a = 22.5 x 10" 6 m 2 /s. 



ANALYSIS: With Nu L ~ Ra n , the convection coefficient may be expressed as 



3^ 



g/JATL; 



v av J 



(gATL 3 )" 



k/J n 

and the figure of merit is F N = . 

N a a v n 

For an ideal gas, P = 1/T. The thermal diffusivity is a = k/pc p . Since k and c p are independent of 
pressure, and the density is proportional to pressure for an ideal gas, a cc 1/p. The kinematic 
viscosity is v = Lx/p. Therefore, for an ideal gas, v cc 1/p. Thus, the properties and the figure of 
merit, using n = 0.33, at the three pressures are 



p = 1 bar = 1 x 10 s N/m 2 



p = 10 bar 



p = 100 bar 



P = 1/300 K" 1 

k = 0.0263 W/m-K 



P = 1/300 K 

k = 0.0263 W/m-K 



P = 1/300 K 

k = 0.0263 W/m-K 



a =22.5xl0" 6 m 2 /sx 



"1.0133 
I 1 



= 2.28 x 10" 5 m 2 /s 
v = 1.589 xlO" 5 m 2 /sxf L ° 133 



= 1.610 x 10" 5 m 2 /s 



a =22.5xl0" 6 m 2 /sx 



= 2.28 x 10" 6 m 2 /s 



1.0133 
10 



a =22.5xl0" 6 m 2 /sx 



'1.0133 

v 



\ 



= 2.28 x 10" 7 m 2 /s 



r= 1.589x10^ m 2 /sxf L0133 



10 



= 1.610 x 10" 6 m 2 /s 



v= 1.589 xlO" 5 m 2 /sx 



= 1.610 x 10" 7 m 2 /s 



100 

f 1.0133^1 



100 



J 



Therefore, for P = 1 bar, F N = 



0.0263 W/m-K x(l/300K) 



0.33 



(2.28 x 10~ 5 m 2 /s) a33 x (1.61 x 10" 5 m 2 /s) 033 



= 5.20. Similarly, for 



P = 10 bar, F N = 23.78 while for P = 100 bar, F N = 108.7. 



COMMENT: The efficacy of natural convection cooling within sealed enclosures can be 
increased significantly by increasing the pressure of the gas. 
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PROBLEM 9.5 



KNOWN: Heat transfer rate by convection from a vertical surface, lm high by 0.6m wide, to 
quiescent air that is 20K cooler. 

FIND: Ratio of the heat transfer rate for the above case to that for a vertical surface that is 0.6m high 
by lm wide with quiescent air that is 20K warmer. 



SCHEMATIC: 



T 

Li-lm 
1 



^1 



-Z~T a) =20K l A 




w £ =0.6m 
Case. 1 



ASSUMPTIONS: (1) Thermophysical properties independent of temperature; evaluate at 300K; (2) 
Negligible radiation exchange with surroundings, (3) Quiescent ambient air. 

-6 2, -6 2, 

PROPERTIES: Table A-4, Air (300K, 1 atm): v = 15.89 x 10 m /s, a = 22.5 x 10 m /s. 



ANALYSIS: The rate equation for convection between the plates and quiescent air is 
q = h L A S AT 



(1) 



where AT is either (T s - T^) or (T^ - T s ); for both cases, A s = Lw. The desired heat transfer ratio is 
then 

qi_ = hLi (2) 

q2 h L2 

To determine the dependence of hj^ on geometry, first calculate the Rayleigh number, 

Ra L =gj3 ATL 3 /ra (3) 

and substituting property values at 300K, find, 

2 3 6 2 6 2 9 

Case 1: Ra L1 = 9.8 m/s (1/300K) 20K (lm) /15.89 x 10" m/sx 22.5 x 10" m /s = 1.82 x 10 

3 4 3 8 

Case 2: Ra L 2 = Ra Li (L 2 /Li) = 1.82 xlO (0.6m/1.0m) = 3.94 x 10 . 

Hence, Case 1 is turbulent and Case 2 is laminar. Using the correlation of Eq. 9.24, 
hL L ^/t,„. \n r _ k^ n „n 



Nu L =^ = C(Ra L ) Ii h L =^CRaL 



(4) 



where for Case 1: C\ = 0.10, ni = 1/3 and for Case 2: C 2 = 0.59, n 2 = 1/4. Substituting Eq. (4) into 
the ratio of Eq. (2) with numerical values, find 



qi _ (Q/L^RaJ^ _ (0.10/lm)(l.82xl0 9 ) 1/3 



Q9 n 2 / «\l/4 

(C 2 /L 2 )Ra L2 (0.59/0.6m) 3.94xl0 8 



= 0.881 



COMMENTS: Is this result to be expected? How do you explain this effect of plate orientation on 
the heat rates? 
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PROBLEM 9.6 



KNOWN: Large vertical plate with uniform surface temperature of 130°C suspended in quiescent air 
at 25°C and atmospheric pressure. 

FIND: (a) Boundary layer thickness at 0.25 m from lower edge, (b) Maximum velocity in boundary 
layer at this location and position of maximum, (c) Heat transfer coefficient at this location, (d) 
Location where boundary layer becomes turbulent. 

SCHEMATIC: 

-T S =130°C f% 



Quiescent air J O.Z7S" 




Pr=0.7Z 




ASSUMPTIONS: (1) Isothermal, vertical surface in an extensive, quiescent medium, (2) Boundary 
layer assumptions valid. 

6 2 

PROPERTIES: Table A-4, Air (Tf = (T s + ) / 2 = 350K, 1 atm) : v = 20.92 x 10" m /s, k = 
0.030 W/m-K, Pr = 0.700. 

ANALYSIS: (a) From the similarity solution results, Fig. 9.4 (see above right), the boundary layer 
thickness corresponds to a value of r| » 5. From Eqs. 9. 13 and 9. 12, 

-1/4 



y = ?7x(Gr x /4)" 



(1) 



Gr x =g y #(T s -T 00 )x 3 /v 2 =9.8-^-x— '— (l30 - 25) K x 3 /^20.92x 10 6 m 2 /sj =6.718x10 



y«5(0.25m) 6.718xl0 9 (0.25) 3 I A 



-1/4 



1.746x10 z m = 17.5mm. 



9 x 3 (2) 



(3)< 



(b) From the similarity solution shown above, the maximum velocity occurs at r\ « 1 with 
f '(77) =0.275. From Eq.9. 15, find 

„ = ^Gr'' 2 r(„) - 2X20 92 0 X 2 ' 5 °J 6m2/S (&718xlri» (Q.25) 3 )" 2 x 0.275 - 0.47 „Vs. < 

The maximum velocity occurs at a value of r| = 1; using Eq. (3), it follows that this corresponds to a 
position in the boundary layer given as 

y max = 1/5 (17.5 mm) = 3.5 mm. < 

(c) From Eq. 9.19, the local heat transfer coefficient at x = 0.25 m is 

J/4 

Nu, 



, x -h x x/k = (Gr x /4) 1/4 g(Pr) = ( 6.718xl0 y (0.25) J /4 I 0.50 = 35.7 



h x = Nu x k/x = 35.7 x 0.030 W/m • K/0.25 m = 4.3 W/rri • K. 
The value for g(Pr) is determined from Eq. 9.20 with Pr = 0.700. 
(d) According to Eq. 9.23, the boundary layer becomes turbulent at x c given as 



Ra x c = Gr x c Pr * 10" 



10 9 / 6.718 xlO 9 (0.700) 



1/3 



= 0.60 m. 



COMMENTS: Note that P = 1/Tf is a suitable approximation for air. 
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PROBLEM 9.7 

KNOWN: Thin, vertical plates of length 0. 15m at 54°C being cooled in a water bath at 20°C. 

FIND: Minimum spacing between plates such that no interference will occur between free-convection 
boundary layers. 



SCHEMATIC: 



T 

L^O.lSm 



if 




ASSUMPTIONS: (a) Water in bath is quiescent, (b) Plates are at uniform temperature. 

PROPERTIES: Table A-6, Water (T f = (T s + = (54 + 20)°C/2 = 310K): p = l/v f = 993.05 

3 6 2 7 2 6 1 

kg/m , li = 695 xio" N-s/m , v = u/p = 6.998 x 10" m /s, Pr = 4.62, p = 361.9 x 10" K _ . 

ANALYSIS: The minimum separation distance will be twice the thickness of the boundary layer at 
the trailing edge where x = 0.15m. Assuming laminar, free convection boundary layer conditions, the 
similarity parameter, r\, given by Eq. 9.13, is 

„=*(Gr x /4)>' 4 

where y is measured normal to the plate (see 
Fig. 9.3). According to Fig. 9.4, the boundary 
layer thickness occurs at a value r| » 5. 
It follows then that, 

y bl =7x (Gr x /4) _1/4 

gy g(T s -T 00 )x 3 
where Gr x = 




2 

Gr x =9.8 m/s 2 x 361.9 xlO" 6 K" 1 (54- 20) Kx(0.15m) 3 /|6.998x 10" 7 m 2 /sj =8.310xl0 8 . 



Hence, y bl =5x0.15m(8.310xl0 8 /4 



-1/4 



= 6.247x10 J m = 6.3mm 



and the minimum separation is 

d = 2 y b i = 2x 6.3 mm = 12.6 mm. < 
COMMENTS: According to Eq. 9.23, the critical Grashof number for the onset of turbulent 

9 

conditions in the boundary layer is Gr x c Pr « 10 . For the conditions above, Gr x Pr =8.31 x 

8 9 

10 x 4.62 = 3.8 x 10 . We conclude that the boundary layer is indeed turbulent at x = 0.15m 
and our calculation is only an estimate which is likely to be low. Therefore, the plate 
separation should be greater than 12.6 mm. 
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PROBLEM 9.8 

KNOWN: Square aluminum plate at 15°C suspended in quiescent air at 40°C. 

FIND: Average heat transfer coefficient by two methods - using results of boundary layer similarity 
and results from an empirical correlation. 

SCHEMATIC: 

T^la+e, , 2,00 mm s<ju.mre } 

O 777 777 "thickness 

ASSUMPTIONS: (1) Uniform plate surface temperature, (2) Quiescent room air, (3) Surface 
radiation exchange with surroundings negligible, (4) Perfect gas behavior for air, P = 1/Tf. 

PROPERTIES: Table A-4, Air (T f = (T s + = (40 +15)°C/2 = 300K, 1 atm): v = 15.89 x 10~ 6 

2 6 2 

m /s, k = 0.0263 W/m-K, a = 22.5 x 10" m /s, Pr = 0.707. 

ANALYSIS: Calculate the Rayleigh number to determine the boundary layer flow conditions, 

r3 




Ra L = gfi AT LT/v a 
Ra L =9.8 m/s 2 (l/300K) (40-15)°C(0.2m) 3 /^15.E 



)xl0 6 m 2 /s 



)(- 



5 x 10 ^m 2 /s 



827x10 



where P = 1/Tf and AT = T^ - T s . Since Raj^ < 10 , the flow is laminar and the similarity solution of 
Section 9.4 is applicable. From Eqs. 9.21 and 9.20, 

^ L ^a(Gr L /4f 4 g(Pr) 



g(Pr): 



0.75 Pr 



1/2 



0.609 + 1.221 Pr 1/2 + 1.238 Pr 



1/4 



and substituting numerical values with GrL = Raj^/Pr, find 

g ( Pr ) = 0.75 (0.707) 1 12 I 0.609 + 1 .22 (0.707) 1 1 2 + 1 .238 x 0.707 



-.1/4 



0.501 



0.0263 W/m-K 
0.20m 



f 



1.827x10' /0.707 



1/4 



: 0.501 = 4.42 W/m-K. < 



The appropriate empirical correlation for estimating hj^ is given by Eq. 9.27, 



Nu T = ^-^ = 0.68 + 



h L = (0.0263 W/m • K/0.20m) 



0.670 Ra 



1/4 
L 



-■4/9 

l + (0.492/Pr) 9/16 
0.68 + 0.67o|l.827xl0 7 J 



1/4 



/ 



1 + (0.492/0.707)' 



9/16 



4/9 



h L =4.51 W/m -K. < 
COMMENTS: The agreement of hj^ calculated by these two methods is excellent. Using the 
Churchill-Chu correlation, Eq. 9.26, find hj^ = 4.87 W/m • K. This relation is not the most accurate 
for the laminar regime, but is suitable for both laminar and turbulent regions. 
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PROBLEM 9.9 

KNOWN: Dimensions of vertical rectangular fins. Temperature of fins and quiescent air. 

FIND: (a) Optimum fin spacing, (b) Rate of heat transfer from an array of fins at the optimal spacing. 

SCHEMATIC: 



L =ZOmm 
Top view ^ 



Q^ZOOK) I c . 

J U \±t s =3sok +~ 1 1 ^; 



> mm 

ide 
rew 



ASSUMPTIONS: (1) Fins are isothermal, (2) Radiation effects are negligible, (3) Air is quiescent. 

6 2 

PROPERTIES: TaWe A-4, Air (T f = 325K, 1 atm): v = 18.41 x 10~ m 7s, k = 0.0282 W/m-K, Pr = 
0.703. 

ANALYSIS: (a) If fins are too close, boundary layers on adjoining surfaces will coalesce and heat 
transfer will decrease. If fins are too far apart, the surface area becomes too small and heat transfer 

decreases. S G p « § X =H- From Fig. 9.4, the edge of boundary layer corresponds to 
jj = (SJU) (Grn/4) 174 «5. 

g^Ts-T^jH 3 9.8 m/s 2 (1/325K) 50K (0.15m) 3 7 
Hence, Grj-[ = — = ^ — = 1.5x10 

18.41xl0" 6 m 2 /s 



S G p * 34mm. 



/ 7 \ 1/4 

^(H) = 5(0.15m)/ 1.5X10 7 /4 =0.017m = 17mm 

(b) The number of fins N can be found as 

N = W/(s op + 1) = 355/35.5 = 10 

and the rate is q = 2 N h(H-L) (T s -Tqo). 
For laminar flow conditions 

1 + (0.492 /Pr)' 

a/4 



Nu H =0.68 + 0.67 Ra^ 74 / 



\9/16 



4/9 



Nu 



H 



0.68 + 0.67 1.5x10' x 0.703 



/ 



1 + (0.492/ 0.703) 



9/16 



4/9 



30 



h = k Nu H /H = 0.0282 W/m - K(30)/0.15 m = 5.6 W/m 2 • K 

q = 2(10)5.6 W/m 2 -K(0. 15m x 0.02m) (350-300)K = 16.8 W. < 

COMMENTS: Part (a) result is a conservative estimate of the optimum spacing. The increase in area 
resulting from a further reduction in S would more than compensate for the effect of fluid entrapment 

due to boundary layer merger. From a more rigorous treatment (see Section 9.7.1), S G p « 10 mm is 
obtained for the prescribed conditions. 
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PROBLEM 9.10 

KNOWN: Interior air and wall temperatures; wall height. 

FIND: (a) Average heat transfer coefficient when = 20°C and T s = 10°C, (b) Average heat 

transfer coefficient when = 27°C and T s = 37°C. 

SCHEMATIC: 



X=KfC 




Wa// height 



Air 

T m =27°C. 



@ Winter condition @ Summer condition 

ASSUMPTIONS: (a) Wall is at a uniform temperature, (b) Room air is quiescent. 

3 1 6 

PROPERTIES: Table A-4, Air (T f = 288K, 1 atm): p = 1/T f = 3.472 x 10~ K~ , v = 14.82 x 10~ 

2 6 2 

m /s, k = 0.0253 W/m-K, a = 20.9 x 10~ m /s, Pr = 0.710; (T f = 305K, 1 atm): p = 1/T f = 3.279 x 

3 1 6 2 6 2 

10" K , v = 16.39 x 10" m /s, k = 0.0267 W/m-K, a = 23.2 x 10" m /s, Pr = 0.706. 

ANALYSIS: The appropriate correlation for the average heat transfer coefficient for free convection 
on a vertical wall is Eq. 9.26. 

2 



Nu L =- 



hL 



0.825 + - 



n non r> 0.1667 

0.387 Raj^ 



1 + (0.492 /Pr)' 



0.563 



0.296 



where RaL = g P AT L /va, Eq. 9.25, with AT = T s - T^, or T^ - T s 
(a) Substituting numerical values typical of winter conditions gives 
9.8 m/s 2 x 3.472 xlO" 3 K _1 (20-10) K (2.5m) 3 



Ra L 



14.82x10 6 m 2 /sx20.96xl0" 6 m 2 /s 



1.711x10 



10 



Nu L H 



0.825 + - 



0.387 1.711x10 



10 



0.1667 



1 + (0.492/0.710)' 



0.563 



0.296 



> =299.6. 



Hence, h = Nu L k/L = 299.6(0.0253 W/m-K) /2.5m = 3.03 W/m 2 -K. 
(b) Substituting numerical values typical of summer conditions gives 

9.8 m/s 2 x 3.279 xl0~ 3 K _1 (37-27) K (2.5 m) 3 in 
Ra L = - — = 1.320x10 

23.2 x 10" 6 m 2 / s x 16.39 x 10" 6 m 2 / s 



Nu L = 



0.825 + - 



().387(l.320xl0 10 j 



0.1667 



1 + (0.492/ 0.706)' 



0.563 



0.296 



> =275.8. 



Hence, 



h = Nu T k/L = 275.8 x 0.0267 W/m • K/2.5m = 2.94 W/m • K. 



COMMENTS: There is a small influence due to T f on h for these conditions. We should expect 
radiation effects to be important with such low values of h. 
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PROBLEM 9.11 



KNOWN: Vertical plate experiencing free convection with quiescent air at atmospheric 
pressure and film temperature 400 K. 

FIND: Form of correlation for average heat transfer coefficient in terms of AT and 
characteristic length. 



SCHEMATIC: 




ASSUMPTIONS: (1) Air is extensive, quiescent medium, (2) Perfect gas behavior. 

PROPERTIES: Table A-6, Air (T f = 400K, 1 atm): v = 26.41 x 10" 6 m 2 /s, k = 0.0338 
W/m-K, a = 38.3 x 10" 6 m 2 /s. 

ANALYSIS: Consider the correlation having the form of Eq. 9.24 with RaL defined by Eq. 
9.25. 



Nu L =h L L/k = CRa£ 



where 



(1) 



Ra L = 



g y 9(T s -T 00 )L 3 



va 



9.8m/s Z (l/400K)AT-L 3 7 a 

= 2.422x10 AT -L . (2) 



26.41x10 6 m 2 /sx38.3xl0 6 m 2 /s 



Combining Eqs. (1) and (2), 

h L= (k/L)CRa^ a ° 338W/m - K cf2.422xl0W 



(3) 



4 9 

From Fig. 9.6, note that for laminar boundary layer conditions, 10 < RaL < 10 , C = 0.59 and 



n = 1/4. Using Eq. (3) 
h = 1.40 T_1 



/ 3\ 1/4 


= 1.40 




1 AT • L J 






V L J 



a/4 



9 13 

For turbulent conditions in the range 10 < RaL < 10 , C = 0.10 and n = 1/3. Using Eq. (3), 



h L =0.98 



L ^AT L 3 



1/3 



= 0.98AT 



1/3 



COMMENTS: Note the dependence of the average heat transfer coefficient on AT and L for 
laminar and turbulent conditions. The characteristic length L does not influence hL for 
turbulent conditions. 
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PROBLEM 9.12 



KNOWN: Temperature dependence of free convection coefficient, h=CAT^ 74 , for a solid suddenly 
submerged in a quiescent fluid. 

FIND: (a) Expression for cooling time, t f , (b) Considering a plate of prescribed geometry and thermal 
conditions, the time required to reach 80°C using the appropriate correlation from Problem 9.11 and (c) 
Plot the temperature-time history obtained from part (b) and compare with results using a constant h Q 

from an appropriate correlation based upon an average surface temperature T = (Tj+Tf)/2. 
SCHEMATIC: 




Qconv ~ hA s (T-%o) 
h = CfT-T^ 4 



T(0)=Tj 
T(tf)=T f 




Al 2024 plate, 
150 x 150 mm, 
5 mm thickness, 
7(0) = 225 °C 




ASSUMPTIONS: (1) Lumped capacitance approximation is valid, (2) Negligible radiation, (3) 
Constant properties. 

PROPERTIES: Table A. 1 , Aluminum alloy 2024 (f = (Tj +T f )/2 « 400K) : p = 2770 kg/m 3 , c p = 

925 J/kg-K, k = 186 W/m-K; Table A.4, Air (TfUm = 362 K): v = 2.221 x 10" 5 m 2 /s, k = 0.03069 W/m-K, 
a = 3.187 x 10" 5 m 2 /s, Pr = 0.6976, p = 1/T film . 

ANALYSIS: (a) Apply an energy balance to a control surface about the object, — E ou j- = E st , and 

substitute the convection rate equation, with h = CAT , to find 

-CA s (T-T 00 ) 5/4 =d/dt(pVcT). (1) 
Separating variables and integrating, find 



dT/dt = -(CA s /pVc)(T-T 00 ) 



5/4 



Tf 



tf = 



4p Vc 



dT 



CA S 
pVc 



Iff* 



CA< 



(Tf-T^)- 174 -^-^)- 174 



^(T-Too)" 
4p Vc 



-1/4 



CA S (Tj Tqq) 



1/4 



Tf 
Ti 

Tj-T c 
Tf-T c 



CA S 

M- 

pVc 

\l/4 



1 



OO J 



(2)< 



(b) Considering the aluminum plate, initially at T(0) = 225°C, and suddenly exposed to ambient air 
atToQ = 25° C , from Problem 9. 1 1 the convection coefficient has the form 

Atl - _l/4 



hj =1.40 



hi = CAT 



where C = 1.40/L 1 ' 4 = 1.40/(0. 150) 1,4 = 2. 2496 W/ • K . Using Eq. (2), find 



,1/4 



3/4 



Continued.. 
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tf 



PROBLEM 9.12 (Cont.) 

4 x 2770 kg/ m 3 (o. 150 2 x 0.005 ) m 3 x 925 J/kg • K 



2 T , 3/4 ..„../__x2, 



l/4 T ,l/4 



2.2496 W/ni • K x 2 x (0.150m) z (225 - 25) 1 K 



225-25 
V 80-25 j 



1154s 



(c) For the vertical plate, Eq. 9.27 is an appropriate correlation. Evaluating properties at 

Tfilm = (T s + ^ )/2 = ((Ti + T f )/2 + )/2 = 362 K 
where T s = 426K , the average plate temperature, find 

3 na i2/M^ v \/a^ ,no\,W n i, n \3 



Ra L 



_ g/?(T s -T 0D )L 3 _ 9.8m/s 2 (l/362K)(426-298)K(0.l50m) 3 _ 7 

— — — — > — _ i — _L.UJ^Xj_vJ 



va 



2.22lxl0" 5 m 2 /sx3.l87xl0" 5 m 2 /s 



Nul =0.68 + - 



0.670Ra L 



1/4 



l + (0.492/Pr) 



9/16 



4/9 



= 0.68 + - 



/ 7 a/4 
0.670 1.652x10' 



1 + (0.492/0.6976)' 



9/16 



4/9 



= 33.4 



- k— 0.03069W/m-K „ „ ^ co „ r / 2 T . 

h n = — Nul = x33.4 = 6.83W/ m -K 

0 L 0.150m 1 



From Eq. 5.6, the temperature-time history with a constant convection coefficient is 

T ( t) = ^ + (Ti - ^ ) exp [- (h D A s /pVc) t] (3) 

where A s /v = 2L 2 /(LxLx w) = l/w = 400m -1 . The temperature-time histories for the h = CAT 1 ' 4 
and h G analyses are shown in plot below. 



250 



200 



150 




100 



200 400 600 800 1000 1200 1400 1600 
Time, t (s) 

- Constant coefficient, ho = 6.83 W/m A 2.K 

- Variable coefficient, h = 2.25(Ts - Tinf) A 0.25 



COMMENTS: (1) The times to reach T(t G ) = 80°C were 1 154 and 1212s for the variable and constant 
coefficient analysis, respectively, a difference of 5%. For convenience, it is reasonable to evaluate the 
convection coefficient as described in part (b). 

(2) Note that Ra L < 10 9 so indeed the expression selected from Problem 9.1 1 was the appropriate one. 

(3) Recognize that if the emissivity of the plate were unity, the average linearized radiation coefficient 
using Eq. (1.9) is h ra( j = 1 1.0 w/m 2 • K and radiative exchange becomes an important process. 
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PROBLEM 9.13 



KNOWN: Oven door with average surface temperature of 32°C in a room with ambient air at 22°C. 

FIND: Heat loss to the room. Also, find effect on heat loss if emissivity of door is unity and the 
surroundings are at 22°C. 

SCHEMATIC: 




ASSUMPTIONS: (1) Ambient air is quiescent, (2) Surface radiation effects are negligible. 

6 2 

PROPERTIES: Table A-4, Air (T f = 300K, 1 atm): v = 15.89 x 10~ m /s, k = 0.0263 W/m-K, a = 
22.5 x 10" 6 m 2 /s, Pr = 0.707, p = 1/T f = 3.33 x 10" 3 K~\ 



ANALYSIS: The heat rate from the oven door surface by convection to the ambient air is 
q = hA s (T s -T 00 ) 

where h can be estimated from the free-convection correlation for a vertical plate, Eq. 9.26, 

2 



(1) 



Nu t =■ 



hL 



0.825 + - 



0.387 Ra 



1/6 



1 + (0.492 /Pr)' 



9/16 



8/27 



(2) 



The Rayleigh number, Eq. 9.25, is 



g/?(T s -Too)L J 9.8m/s z (l/300K)(32-22)Kx0.5 3 m 3 s 
RaL = ^—-^ ™2 — = v : - A 1 — = 1. 142x10 s 



va 



15.89x10 6 m 2 /sx22.5xl0 6 m 2 /s 



Substituting numerical values into Eq. (2), find 



Nu, 



0.825 + ■ 



0.387 1.142x10° 



■Nu, 



1 + (0.492/0.707) 
0.0263W/m-K 



.9/16 



8/27 



63.5 



x 63.5 = 3.34 W/m-K. 



L 0.5m 
The heat rate using Eq. (1) is 

q = 3.34W/m 2 -Kx(0.5x0.7)m 2 (32-22)K = 11.7W. 
Heat loss by radiation, assuming s = 1 , is 



[ rad 



= ^(t s ' I'slir) 



q rad =!(0.5x0.7)m 2 x5.67xl0 8 W/m 2 -K 4 (273 + 32) 4 -(273 + 22) Z 



K 4 = 21.4W. < 



Note that heat loss by radiation is nearly double that by free convection. Using Eq. (1.9), the radiation 

2 

heat transfer coefficient is h ra( i = 6.4 W/m -K, which is twice the coefficient for the free convection 
process. 
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PROBLEM 9.14 

KNOWN: Aluminum plate (alloy 2024) at an initial uniform temperature of 227°C is suspended in a 
room where the ambient air and surroundings are at 27°C. 

FIND: (a) Expression for time rate of change of the plate, (b) Initial rate of cooling (K/s) when plate 
temperature is 227°C, (c) Validity of assuming a uniform plate temperature, (d) Decay of plate 
temperature and the convection and radiation rates during cooldown. 

SCHEMATIC: 



Plate, 0.3 x 0.3 m, 
15 mm thick, 
Aluminum 2024, 
plate area, A v 
s = 0.25 





Tsur =7-oo = 27 °C 



T, = 227 °C 



-f = 0.015 m 

ASSUMPTIONS: (1) Plate temperature is uniform, (2) Ambient air is quiescent and extensive, (3) 
Surroundings are large compared to plate. 

PROPERTIES: Table A.l, Aluminum alloy 2024 (T = 500 K): p = 2770 kg/m 3 , k = 186 W/m-K, c = 
983 J/kg-K; Table A.4, Air (T f = 400 K, 1 atm): v = 26.41 x 10" 6 m 2 /s, k = 0.0388 W/m-K, a = 38.3 x 
10" 6 m 2 /s, Pr = 0.690. 

ANALYSIS: (a) From an energy balance on the plate with free convection and radiation exchange, 
-E out = E st , we obtain 

~h L 2A S (T s - Tqj, ) - s2A s a (t 4 - T s 4 ur \ = pA s tc 

where T s , the plate temperature, is assumed to be uniform at any time. 

(b) To evaluate (dT/dt), estimate Iil ■ First, find the Rayleigh number, 

r(t t M3/ 9.8m/s 2 (l/400K)(227-27)Kx(0.3m) 3 8 

Ra L =g/?(T s -T 00 )L /va = * — fi 9 / =1-308x10 . 

26.41x10 V 2 /sx38.3xl0 V 2 /s 



dT dT -2 

— or — = 

dt dt pic 



h L ( T s " T oo ) + ea (t s 4 - T s 4 ur J 



Eq. 9.27 is appropriate; substituting numerical values, find 



Nu L =0.68 + 



0.670Ra 



1/4 



l + (0.492/Pr) 



9/16 



4/9 



: Q.68 + 



0.670 1.308x10* 



1/4 



1 + (0.492/0.690) 



9/16 



4/9 



:55.5 



h L = NuLk/L = 55.5 x 0.0338 W/m- K/0.3m = 6.25 W/ m 2 • K 



Continued.. 
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PROBLEM 9.14 (Cont.) 



dT -2 

= ] — ~ x 

dt 2770kg/m 3 x0.015mx983J/kg-K 

6.25 w/ m 2 • K (227 - 27) K + 0.25 ^5.67 x 10" 8 w/ m 2 • K 4 j ^500 4 - 300 4 j K 4 = -0.099 K/s . < 

(c) The uniform temperature assumption is justified if the Biot number criterion is satisfied. With L c = 
(V/2A S ) = (A s -t/2A s ) = (t/2) and h tot = h conv + h ra( j , Bi = h tot (t/2)/k < 0.1. Using the linearized 
radiation coefficient relation, find 

hrad = £a ( T s + T sur ) {js + T sur ) = °- 25 ( 5 - 67 x 10 & W / ^ ' K ^ ) ( 50 ° + 30 °) ( 50 ° 2 + 30 ° 2 ) ^ = 3 - 86 w/m 2 • K 

Hence, Bi = (6.25 + 3.86) W/m 2 -K(0.015 m/2)/186 W/m-K = 4.07 x 10" 4 . Since Bi « 0.1, the assumption 
is appropriate. 

(d) The temperature history of the plate was computed by combining the Lumped Capacitance Model of 
IHT with the appropriate Correlations and Properties Toolpads. 




Due to the small values of hL and h ra( j , the plate cools slowly and does not reach 30°C until t « 14000s 

= 3.89h. The convection and radiation rates decrease rapidly with increasing t (decreasing T), thereby 
decelerating the cooling process. 

COMMENTS: The reduction in the convection rate with increasing time is due to a reduction in the 
thermal conductivity of air, as well as the values of Iil and T. 
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PROBLEM 9.15 



KNOWN: Instantaneous temperature and time rate of temperature change of a vertical plate cooling 
in a room. 

FIND: Average free convection coefficient for the prescribed conditions; compare with standard 
empirical correlation. 



SCHEMATIC: 




Quiescent air, 



Siurroundi rigs, 
7$ur~ ~?ao -27 C 



I I*"" Plate, aluminum alloy 20Z4 } 

L=05 ¥ ^ O.Zmaquane, e=0.25 



K— £ -15mm 



ASSUMPTIONS: (1) Uniform plate temperature, (2) Quiescent room air, (3) Large surroundings. 

PROPERTIES: Table A-l, Aluminum alloy 2024 (T s = 127°C = 400K): p = 2770 kg/m 3 , c p = 925 
J/kg-K; Table A-4, Air (T f = (T s + TJ/2 = 350K, 1 atm): v = 20.92 x 10" 6 m 2 /s, k = 0.030 W/m-K, a = 
29.9 x 10" 6 m 2 /s, Pr = 0.700. 

ANALYSIS: From an energy balance on the plate 
considering free convection and radiation exchange, 

E st 



E in _ E out 



-h L (2A s )(T s -Too)-£(2A s )c7 T s ^-T, 



A ^4 



l sur 



dT 

dT 



Noting that the plate area is 2A S , solving for , and substituting numerical values, una 




o dT 



2sct\T, 



4 ^4 



l sur 



/2(T S -T 00 ) 



-2770kg /m 3 x 0.015m x 925J /kg • K (-0.0465K /s) - 2x0.25x5.67x10 8 W /m 2 • K 4 ^400 4 - 300" |K~ 
/ 2 (127 - 27)° C = (8.936 - 2.455) W / m 2 • K 



h L =6.5W/m z K. 
To select an appropriate empirical correlation, first evaluate the Rayleigh number, 

Ra L = g/?ATL 3 /ra 

Ra L =9.8m/s 2 (l/350K)(l27-27)K(0.3m) 3 /|20.92xl0" 6 m 2 /sj|29.9xl0" 6 m 2 /sj = 1.21xl0 8 . 

Since Ra L < 10 9 , the flow is laminar and Eq. 9.27 is applicable, 

hi L 0.670 Ra} 1 4 

Nu T = -^ = 0.68 + L 



9/16 



n 4/9 



hL 



0.030W/m-K 
0.3m 



1 + (0.492 /Pr) 

,1/4 r 



0.68 + 0.670 1.21x10 



1 + (0.492/ 0.700)' 



,9/16 



l4/9 



:5.5W/m 2 -K. < 



COMMENTS: (1) The correlation estimate is 15% lower than the experimental result. (2) This 
transient method, useful for obtaining an average free convection coefficient for spacewise isothermal 
objects, requires Bi < 0.1. 
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PROBLEM 9.16 

KNOWN: Person, approximated as a cylinder, experiencing heat loss in water or air at 10°C. 
FIND: Whether heat loss from body in water is 30 times that in air. 

ASSUMPTIONS: (1) Person can be approximated as a vertical cylinder of diameter D = 0.3 
m and length L = 1.8 m, at 25°C, (2) Loss is only from the lateral surface. 

PROPERTIES: Table A-4, Air (t = (25 + 10)° C / 2 = 290K, lata) : k = 0.0293 W/m-K, v = 

19.91 x 10" 6 m 2 /s, a = 28.4 x 10" 6 m 2 /s; Table A-6, Water (290K): k = 0.598 W/m-K, v = 
uv f = 1.081 x 10" 6 m 2 /s, a = kv f /c p = 1.431 x 10" ? m 2 /s, p f = 174 x 10" 6 K \ 

ANALYSIS: In both water (wa) and air (a), the heat loss from the lateral surface of the 
cylinder approximating the body is 

q = h^DL(T s -T 00 ) 

where T s and Too are the same for both situations. Hence, 
\a _ n wa 



Vertical cylinder in air. 

g/?ATL 3 _9.8m/s 2 x(l/290K)(25-10)K(l.8m) 3 _ <ooq o 



Ra L = ^ = y — — ^ a o = 5 - 228 x 10> 

va 19.91x10 6 m 2 /sx28.4xl0 6 m 2 /s 



Using Eq. 9.24 with C = 0.1 and n = 1/3, 

J/3 



Nu L = *^ = CRa£ =0.l|5.228xl0 9 j =173.4 h L = 2.82 W/m 2 • K. 



Vertical cylinder in water. 



9.8m/s 2 xl74xl0 6 K 1 (25-10)K(l.8m) 3 11 
Ra L = — — i 4=—^ '— = 9.643 x 10 1 1 

1.081x10 6 m 2 /sxl.431xl0 7 m 2 /s 
Using Eq. 9.24 with C = 0.1 and n = 1/3, 

Nu L =^ = CRaj^ =0.l|9.643xlO U j 1/3 =978.9 h L =328 W/m 2 K. 

Hence, from this analysis we find 

q wa _ 328 W/m 2 -K _ 11? 
q a 2.8W/m 2 -K 
which compares poorly with the claim of 30. 

COMMENTS: In air, radiation would contribute significantly to the heat loss. Assuming 
8 = l,h rad =as(T s 4 +T s 4 ur )/(T S +T sur ) = 5.6W/m 2 -K. Thus, h atot =h a +h rad =8.4W/m 2 -Kand 
qwa/q a = 328/8.4 = 39. This is much closer to the claim of 30 times. 
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PROBLEM 9.17 



KNOWN: Dimensions of window pane with frost formation on inner surface. Temperature of room 
air and walls. 

FIND: Heat loss through window. 
SCHEMATIC: 

W= 1 m 



L = 1 m 




Frost 
T s *0°C, e = 0.90 



ASSUMPTIONS: (1) Steady-state, (2) Surface of frost is isothermal with T s * 0°C, (3) Radiation 
exchange is between a small surface (window) and a large enclosure (walls of room), (4) Room air is 
quiescent. 

PROPERTIES: Table A-4, air (T f = 9°C = 282 K): k = 0.0249 W/m-K, v= 14.3 x 10" 6 m 2 /s, a = 
20.1 x 10" 6 m 2 /s, Pr = 0.712, /?= 3.55 x 10" 3 K \ 

ANALYSIS: Under steady-state conditions, the heat loss through the window corresponds to the rate 
of heat transfer to the frost by convection and radiaiton. 



q = q C onv+qrad =WxL 



h(T 00 -T s ) + ^(T s 4 ur -T s 4 ) 



With Ra L = g/3 (T^ - T s ) L 3 I av = 9.8 m/s 2 x 0.00355 K ^lSK 
= 2.18xl0 9 , Eq. (9.26) yields 



(lm) 3 /( 



14.3x20.1x10 12 m 4 /s 2 



Nu L =^ 



0.825 + - 



0.387 Ra 



1/6 
L 



1 + (0.492 /Pr) 



9/16 



8/27 



= 156.5 



h = Nu L - = 156.5 



0.0249W/m-K 
lm 



3.9W/m z -K 



q = lm z 



3 .9 W / m 2 • K (1 8K) + 0.90 x 5 .67 x 10" 8 W / m 2 • K 4 ( 29 1 4 - 273 4 



= 70.2W + 82.5 W = 152.7 W 



COMMENTS: (1) The thickness of the frost layer does not affect the heat loss, since the inner 
surface of the layer remains at T s « 0°C. However, the temperature of the glass/frost interface 
decreases with increasing thickness, from a value of 0°C for negligible thickness. (2) Since the 
thermal boundary layer thickness is zero at the top of the window and has its maximum value at the 
bottom, the temperature of the glass will actually be largest and smallest at the top and bottom, 
respectively. Hence, frost will first begin to form at the bottom. 
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PROBLEM 9.18 



KNOWN: During a winter day, the window of a patio door with a height of 1.8 m and width of 1.0 m 
shows a frost line near its base. 

FIND: (a) Explain why the window would show a frost layer at the base of the window, rather than at 
the top, and (b) Estimate the heat loss through the window due to free convection and radiation. If the 
room has electric baseboard heating, estimate the daily cost of the window heat loss for this condition 
based upon the utility rate of 0.08 $/kW-h. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Window has a uniform temperature, (3) Ambient 
air is quiescent, and (4) Room walls are isothermal and large compared to the window. 

PROPERTIES: Table A-4, Air (T f = (T s + Ta,)/2 = 280 K, 1 atm): v = 14.11 x 10" 6 m 2 /s, k = 0.0247 
W/m-K, a = 1.986 x 10" 5 m 2 /s, Pr = 0.710. 

ANALYSIS: (a) For these winter conditions, a frost line could appeal - and it would be at the bottom 
of the window. The boundary layer is thinnest at the top of the window, and hence the heat flux from 
the warmer room is greater than compared to that at the bottom portion of the window where the 
boundary layer is thicker. Also, the air in the room may be stratified and cooler near the floor 
compared to near the ceiling. 

(b) The heat loss from the room to the window having a uniform temperature T s = 0°C by convection 
and radiation is 



Qloss ~~ 'lev + Qrad 



Qloss — A s 



hL ( T oo " T s ) + sal T s 4 ur - T s 



(1) 
(2) 



The average convection coefficient is estimated from the Churchill-Chu correlation, Eq. 9.26, using 
properties evaluated at Tf = (T s + Tqo)/2. 

2 

0.387 Ra 1 / 6 

0.825 + ^ (3) 



Nu T = 



h L L 



1 + (0.492 /Pr) 



9/16 



8/27 



Ra L =g^T(T 00 -T s )L 3 /v« 

Substituting numerical values in the correlation expressions, find 

JO 



(4) 



Ra L =1.084xl0 1 



Nu L =258.9 



h L =3.6 W/m z -K 



Continued 
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PROBLEM 9.18 (Cont.) 

-8 2 4 

Using Eq. (2), the heat loss with a = 5.67 x 10 W/m K is 

qioss =(lxl.8)m 2 3.6 W/m 2 -K(l5 K) + 0.940a(288 4 -273 4 |k' 

qioss =(96.1 + 127.1)W = 223 W 
The daily cost of the window heat loss for the given utility rate is 
cost = qioss x (utility rate) x 24 hours 
cost - 223 W x (10" 3 kW/W) x 0.08 $/kW - h x 24 h 

cost = 0.43 $/day 

COMMENTS: Note that the heat loss by radiation is 30% larger than by free convection. 
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PROBLEM 9.19 

KNOWN: Room and ambient air conditions for window glass. 
FIND: Temperature of the glass and rate of heat loss. 
SCHEMATIC: 

Window glass (1mx1m, 7,8 = 1) 



~—L = 1 m 



T , = 20°C 

oo ,/ 



w =20 ° c 



convj 



9 rad, 



conv,o 



Q rad,o 



T = -20°C 

oo ,0 



jX 



W = - 20 ° C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible temperature gradients in the glass, (3) 
Inner and outer surfaces exposed to large surroundings. 

PROPERTIES: Table A.4, air (T fii and T fj0 ): Obtained from the IHT Properties Tool Pad. 
ANALYSIS: Performing an energy balance on the window pane, it follows that E m = E out , or 

sa ( T sur,i - t4 ) + E i (Vi " T ) = £ ° ( t4 " T s 4 r,o ) + h G (T - ) 
where hj and h Q may be evaluated from Eq. 9.26. 



Nu L = 



0.825 + ■ 



0.387Ra 



1/6 
L 



l + (0.492/Pr) 



9/16 



8/27 



Using the First Law Model for an Isothermal Plane Wall and the Correlations and Properties Tool Pads 
of IHT, the energy balance equation was formulated and solved to obtain 

T = 273.8 K < 



The heat rate is then q ; = q G , or 



q i= L z 



= 174.8 W 



COMMENTS: The radiative and convective contributions to heat transfer at the inner and outer surfaces 
are q rad i = 99.04 W, q con v,i = 75.73 W, q rado - 86.54 W, and q con v,o - 88.23 W, with corresponding 
convection coefficients of hj = 3.95 W/m 2 -K and h Q = 4.23 W/m 2 -K. The heat loss could be reduced 
significantly by installing a double pane window. 
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PROBLEM 9.20 



KNOWN: Room and ambient air conditions for window glass. Thickness and thermal conductivity of 
glass. 

FIND: Inner and outer surface temperatures and heat loss. 
SCHEMATIC: 



7\ 



1 s,o- 
T s,i 
9 convj 



T , = 20°C 

oo ,/ 



9 radj 



W =20 ° c 



tg = 10 mm 



Window glass (1 m x 1 m, kg = 1 .4 W/m-K, s = 1 ) 

. — L = 1 m 

9 conv,o /AiT 
y cond 



n" 

v rad,o 



L,o = -20°C 



Tsuro = -20 °C 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the glass, (3) Inner 
and outer surfaces exposed to large surroundings. 

PROPERTIES: Table A.4, air (T fii and T fj0 ): Obtained from the IHT Properties Tool Pad. 
ANALYSIS: Performing energy balances at the inner and outer surfaces, we obtain, respectively, 



H T s 4 ur,i - T s 4 i) + h i( T °o,i - T s,0 = (kg/tg)(T s ,i -T s , 0 ) 
(kg/ t g)( T s,i -T S)Q ) = sa(r* 0 -T s 4 ur?0 j + h 0 (T s o -T^q) 



(1) 



(2) 



where Eq. 9.26 may be used to evaluate hj and h Q 



Nu L = 



0.825 + - 



0.387Ra 



1/6 



l + (0.492/Pr) 



9/16 



8/27 



Using the First Law Model for One-dimensional Conduction in a Plane Wall and the Correlations and 
Properties Tool Pads of IHT, the energy balance equations were formulated and solved to obtain 



T si = 274.4 K 



T s 0 = 273.2 K 



from which the heat loss is 
k„L ? 



q = -^(T S)i -T s , 0 ) = 168.8W 



COMMENTS: By accounting for the thermal resistance of the glass, the heat loss is smaller (168.8 W) 
than that determined in the preceding problem (174.8 W) by assuming an isothermal pane. 
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PROBLEM 9.21 

KNOWN: Plate dimensions, initial temperature, and final temperature. Air temperature. 
FIND: (a) Initial cooling rate, (b) Time to reach prescribed final temperature. 
SCHEMATIC: 



AISI 1010 steel 
Tj = 300°C 
T f = 100°C 



L = 1 m - *!_ j *~ 5 = 0.006 m 



T 

L = 1 m 





1 



Tex, = 20°C 
p = 1 atm 



ASSUMPTIONS: (1) Plate is spacewise isothermal as it cools (lumped capacitance approximation), 
(2) Negligible heat transfer from minor sides of plate, (3) Thermal boundary layer development 
corresponds to that for an isolated plate (negligible interference between adjoining boundary layers). 
(4) Negligible radiation. (5) Constant properties. 

PROPERTIES: Table A-l, AISI 1010 steel (T = 473 K) : p = 7832 kg/m 3 , c = 513 J/kg-K. Table A- 
4, air (T f;i = 433 K): v= 30.4 x 10" 6 m 2 /s, k = 0.0361 W/m-K, a= 44.2 x 10" 6 m 2 /s, Pr = 0.687, /? = 
0.0023 K \ 

ANALYSIS: (a) The initial rate of heat transfer is q { = h A s (Tj -T^), where A s «2L 2 =2m 2 . 

With Ra L ,i = g/?(Ti - T 00 )L 3 /av= 9.8 m/s 2 x 0.0021 (280)lm 3 /44.2 x 10" 6 m 2 /s x 30.4 x 10" 6 m 2 /s = 
4.72 x 10 9 , Eq. 9.26 yields 



0.0361W/m-K 
lm 



0.825 + • 



0.387 4.72x10^ 



1/6 



l + (0.492/0.687) 



9/16 



8/27 



7.16W/rri -K 



Hence, 



qi =7.16W/m 2 -Kx 2m 2 x 280°C = 4010W 



(b) From an energy balance at an instant of time for a control surface about the plate, -q = E s 

2 

= p L 8c dT / dt, the rate of change of the plate temperature is 



dT_ h2L 2 (T-Too) _ 2h 
dt p\}dc P Sc 



(T— Tqo) 



where the Rayleigh number, and hence h, changes with time due to the change in the temperature of 
the plate. Integrating the foregoing equation with the DER function of IHT, the following results are 
obtained for the temperature history of the plate. 



Continued 
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PROBLEM 9.21 (Cont.) 




2500 



Time, t(s) 



The time for the plate to cool to 100°C is 



t* 2365s < 

COMMENTS: (1) Although the plate temperature is comparatively large and radiation emission is 
significant relative to convection, much of the radiation leaving one plate is intercepted by the 
adjoining plate if the spacing between plates is small relative to their width. The net effect of radiation 
on the plate temperature would then be small. (2) Because of the increase in ft and reductions in vand 
a with increasing t, the Rayleigh number decreases only slightly as the plate cools from 300°C to 

100°C (from 4.72 x 10 9 to 4.48 x 10 9 ), despite the significant reduction in (T - T^). The reduction in 

_ 2 

h from 7.2 to 5.6 W/m -K is principally due to a reduction in the thermal conductivity. 
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PROBLEM 9.22 



KNOWN: Thin-walled container with hot process fluid at 50°C placed in a quiescent, cold water bath at 
10°C. 

FIND: (a) Overall heat transfer coefficient, U, between the hot and cold fluids, and (b) Compute and plot 
U as a function of the hot process fluid temperature for the range 20 < T x h < 50°C. 



SCHEMATIC: 



Hot process 
T 00 h = 5Q°C 



Thin-walled 
container 




L = 200 mm 



Cold water bath 

W = 10 ° c 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat transfer at the surfaces approximated by free 
convection from a vertical plate, (3) Fluids are extensive and quiescent, (4) Hot process fluid 
thermophysical properties approximated as those of water, and (5) Negligible container wall thermal 
resistance. 

PROPERTIES: Table A.6, Water (assume T f , h = 310 K): p h = 1/1.007 x 10~ 3 = 993 kg/m 3 , c p , h = 4178 
J/kg-K, v h = |Vp h = 695 x 10~ 6 N-s/m 2 /993 kg/m 3 = 6.999 x 10" 7 m 2 /s, k h = 0.628 W/m-K, Pr h = 4.62, a h = 
k h /p h c Pih = 1.514 x 10" 7 m 2 /s, p h = 361.9 x 10" 6 K" 1 ; Table A.6, Water (assume T f , c = 295 K): p c = 1/1.002 
x 10" 3 = 998 kg/m 3 , c p , c = 4181 J/kg-K, v c = p. c /p c = 959 x 10" 6 N-s/m 2 /998 kg/m 3 = 9.609 x 10" 7 m 2 /s, k c = 
0.606 W/m-K, Pr c = 6.62, a c = kVpcC^ = 1.452x 10~ 7 m 2 /s, p c = 227.5 x 10" 6 K" 1 . 

ANALYSIS: (a) The overall heat transfer coefficient between the hot process fluid, T^ ^ , and the cold 
water bath fluid, T^ c , is 

U = (l/h h +l/h c ) _1 (1) 

where the average free convection coefficients can be estimated from the vertical plate correlation Eq. 
9.26, with the Rayleigh number, Eq. 9.25, 

2 



Nu L 



0.825 + - 



0.387RaL 6 



l + (0.492/Pr) 



9/16 



8/27 



Ra T 



g/?ATL 



(2,3) 



va 



To affect a solution, assume T s = ^T^ ^ + T^ ^ j 2 = 30 C = 303 K , so that the hot and cold fluid film 

temperatures are T f>h = 313K»310K and T fc = 293 K ss 295 K. From an energy balance across the 
container walls, 

hh (Too,h " T s ) = K ( T s " T oo,c ) (4) 
the surface temperature T s can be determined. Evaluating the correlation parameters, find: 

Hot process fluid: 

9.8 m/ s 2 x 361.9 x 10" 6 K" 1 (50 - 30) K (0.200m) 3 



Ra 



L,h - 



6.999x10 7 m 2 /sxl.514xl0 7 m 2 /s 



= 5.357x10 



9 



Continued.. 
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PROBLEM 9.22 (Cont.) 



NuL,h 



0.825 + - 



0.387 5.357 xl(T 



1 + (0.492/4.62) 



9/16 



8/27 



251.5 



h h = NuL,h = 251.5 x 0.628 W/ni -K/IUOOm = 790 W/ m~- K 



CoW wafer fctf/t: 



Ra L,c = 



9.8m/s 2 x 227.5x10 6 K 1 (30-10) K(0.200m) 3 
9.609 x 10" 7 ml s x 1.452 x 10" 7 m 2 /s 



= 2.557x10 



9 



Nul,c = 



0.387 



0.825 + - 



^2.557 xlO 9 J 



1/6 



\9/16 



8/27 



^ =203.9 



1 + (0.492/6.62)^ 

h c = 203.9 x 0.606 W/m K /0.200 m = 6 1 8 w/m 2 K 
From Eq. (1) find 

U = (1/790 + 1/618)" 1 w/ m 2 K = 347 w/ m 2 K 
Using Eq.(4), find the resulting surface temperature 

790 w/m 2 K (50 - T s ) K = 61 8 w/ m 2 K (T s - 10) K 
Which compares favorably with our assumed value of 30°C. 



T s =32.4 C 



(b) Using the IHT Correlations Tool, Free Convection, Vertical Plate and following the foregoing 
approach, the overall coefficient was computed as a function of the hot fluid temperature and is plotted 
below. Note that U increases almost linearly with Tqq . 



400 




100 -| 1 1 1 1 1 1 1 1 1 1 1 

20 30 40 50 

Hot process fluid temperature, Tinfh (C) 

COMMENTS: For the conditions of part (a), using the IHT model of part (b) with thermophysical 
properties evaluated at the proper film temperatures, find U = 352 W/m-K with T s = 32.4°C. Our 
approximate solution was a good one. 

(2) Because the set of equations for part (b) is quite stiff, when using the IHT model you should follow 
the suggestions in the IHT Example 9.2 including use of the intrinsic function Tfluid_avg (T1,T2). 
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PROBLEM 9.23 



KNOWN: Size and emissivity of a vertical heated plate. Temperature of the ambient and 
surroundings. 

FIND: (a) Electrical power to be supplied to the plate in order to achieve a plate temperature of 
T s = 35°C for s = 0.95. Fraction of the plate exposed to turbulent conditions, (b) Steady-state 
plate temperature for s = 0.05 and fraction of the plate exposed to turbulent conditions. 



SCHEMATIC: 



T„, r = 25°C 



T„,„ = 25°C 




ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Large surroundings, 
(3) Isothermal plate, (4) Critical Rayleigh number of Ra xc = 10 9 . 

PROPERTIES: Table A.4, air: (T f = 303 K): k = 0.02652 W/m-K, v = 1.619 x 10" 5 m 2 /s, a = 
2.294 x 10" 5 m 2 /s, Pr = 0.7066. 

ANALYSIS: (a) The Rayleigh number is 

R ggm?_ 9Wx(l/303K)«10-Cx(^ =871xl()8 
va 1.619 xl0~ 5 m 2 /sx 2.294 xl0~ 5 m 2 /s 

Since Ra < Ra x c , the boundary layer is completely laminar. The electric power required is 



p = E g = Iconv + q r ad = hA ( T s " ^ ) + e A<r(T s 4 - T s 4 ur ) 



(2) 



The convection coefficient may be found from the Churchill and Chu correlation 

2 



Nul =• 



0.825 + - 



0.387x(8.71xl0 8 ) 



1 + (0.492/0.7066)' 



9/16' 



8/27 



117.6 



(3) 



Thus, the convection coefficient is 



Continued. 
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PROBLEM 9.23 (Cont.) 



h = Nu L k/L = 117.6x0.02652W/m- K/lm = 3.12W/m 2 • K 
Hence, Equation 2 is written 

P = 2 x (lm x 2m) x 3. 12W / m 2 • K x (35 - 25)°C 

+ 0.95 x 5.67 x 1(T 8 W lm 2 ■ K 4 x (308 4 - 298 4 )K 4 < 
= 124.8W + 239.8W = 364.2W 



(b) Equations 1, 2 and 3 may be solved simultaneously with the constraint that P = 364.6 W. 
Property variations may be taken into account by using IHT. A simultaneous solution of 
Equations 1 through 3 yields 



Ra L = 1.71 x 10 9 , Nu L = 144.9,h = 3.906W/m 2 • K,T S = 319.5K = 46.5°C < 



The length of the plate that is subjected to laminar conditions may be found from the definition of 
the Rayleigh number, Ra L = gPATL 3 /va and the knowledge that T f = (319.5 K = 298 K)/2 = 
308.8 K. 



Ra xc ra 
g/?AT 



1 f \0 9 x 1.677 x 10~ 5 m 2 /s x 2.379 x 10~ 5 m 2 / S N 
9.8m/s x (1/308.8K) x (319.5K - 298K 



1/3 



= 0.836 m < 



Therefore, lm - 0.836m = 0.164m or 16.4% of the plate is exposed to turbulent conditions. 

COMMENTS: (1) In part (b), the convection and radiation heat rates are 335.9 W and 28.74 
W, respectively. Convection dominates in part (b) while in part (a) radiation losses are 
significantly larger than convection losses. (2) Radiation exchange can fundamentally alter the 
nature of the flow in free convection systems. (3) The polished plate would slowly oxidize over 
time, causing drift in the experimentalist's measurements of the transition to turbulent flow. (4) 
The properties used in part (b) are evaluated at the film temperature of T f = 308.8 K and are k = 
0.02695 W/m-K, v = 1.677 x 10" 5 m 2 /s, a = 2.397 x 10" 5 m 2 /s, Pr = 0.7058. 
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PROBLEM 9.24 



KNOWN: Initial temperature and dimensions of an aluminum plate. Condition of the plate surroundings. 
Plate emissivity. 

FIND: (a) Initial cooling rate, (b) Validity of assuming negligible temperature gradients in the plate during the 
cooling process. 

SCHEMATIC: 

— Aluminum p/afe, 

T; = ZOO"C t & = Q2S 
L = 0.5m, A s = O.ZSm z 



• w =0.O16m 

ASSUMPTIONS: (1) Plate temperature is uniform, (2) Chamber air is quiescent, (3) Chamber surface is much 
larger than that of plate, (4) Negligible heat transfer from edges. 

PROPERTIES: Table A-l, Aluminum (573K): k = 232 W/m-K, c p = 1022 J/kg-K, p = 2702 kg/m 3 ; Table A- 
4, Air (T f = 436K, 1 atm): v = 30.72 x 10~ 6 m 2 /s, a = 44.7 x 10~ 6 m 2 /s, k = 0.0363 W/m-K, Pr = 0.687, P = 
0.00229 K . 

ANALYSIS: (a) Performing an energy balance on the plate, 

A ^4 




q = -2A S (T - ) + so (t 4 - T s 4 ur ) = E st = pVc p [dT / dt 



dT7dt = -2 



h(T-T 00 ) + ^ T 4 -T f 



A 
l sur 



/7WCp 



Using the correlation of Eq. 9.27, with 



h=- 



L 



Ra L = 



0.68 + ■ 



g/?(Ti - ^ ) L 3 _ 9.8 m/ s 2 x 0.00229K" 1 (300 - 27) K (0.5 mf 



va 



30.72 x 10" 6 m 2 / s x 44.7 x 10" 6 m 2 / s 



0.670Ra 



1/4 



1 + (0.492 /Pr)' 



9/16 



4/9 



0.0363 
0.5 



0.670f5.58xl0 8 



= 5.58x10 
1/4 



8 



0.68 + ■ 



1 + (0.492/0.687) 



9/16 



4/9 



h=5.8W/m z -K. 
Hence the initial cooling rate is 



dT 
dt 



2 15.8 W / m 2 • K (300 - 27)° C + 0.25x5.67x10 8 W/m 2 -K 4 (573 K) 4 -(300 K) 4 J 



2702 kg/m 3 (0.016m)l022J/kg-K 



dT 
dt 



= -0.136K/s. 



(b) To check the validity of neglecting temperature gradients across the plate thickness, calculate Bi = h e ff 
(w/2)/k where h eff = qt ot AT; - T^) = (1583 + 1413) W/m 2 /273 K = 1 1.0 W/m 2 -K. Hence 



/ 232 W7m-K = 3. 8x10" 



Bi = |llW/m 2 Kj(0.008m) 
and the assumption is excellent. 

COMMENTS: (1) Longitudinal (x) temperature gradients are likely to be more severe than those associated 
with the plate thickness due to the variation of h with x. (2) Initially q" com « q^ at j- 
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PROBLEM 9.25 

KNOWN: Boundary conditions associated with a rear window experiencing uniform volumetric heating. 

FIND: (a) Volumetric heating rate q needed to maintain inner surface temperature at T si = 15°C, (b) 
Effects of T Xfi , u x , and T ro i on q and T s0 . 

SCHEMATIC: 




T. 



s.o- 



Air 



T = 263 K 

00,0 

i/qo = 20 m/s 



9 con\/,o 
^— — Glass, 6, H = 0.5 m 



"9 cond 



T S/ =288 K 
Air 

T , = 283 K 

00,/ 



I 9 convj 



L = 8 mm 

ASSUMPTIONS: (1) Steady-state, one-dimensional conditions, (2) Constant properties, (3) Uniform 
volumetric heating in window, (4) Convection heat transfer from interior surface of window to interior air 
may be approximated as free convection from a vertical plate, (5) Heat transfer from outer surface is due 
to forced convection over a flat plate in parallel flow. 

PROPERTIES: Table A3, Glass (300 K): k= 1.4 W/m-K: Table A.4, Air (T f>i = 12.5°C, 1 atm): v = 
14.6 x 10" 6 m 2 /s, k = 0.0251 W/m-K, a = 20.59 x 10" 6 m 2 /s, p = (1/285.5) = 3.503 x 10" 3 K" 1 , Pr = 0.711; 
(T f , 0 * 0°C): v = 13.49 x 10" 6 m 2 /s, k = 0.0241 W/m-K, Pr = 0.714. 

ANALYSIS: (a) The temperature distribution in the glass is governed by the appropriate form of the heat 
equation, Eq. 3.39, whose general solution is given by Eq. 3.40. 

T (x) = - (q/2k) x 2 + Cj x + C 2 . 
The constants of integration may be evaluated by applying appropriate boundary conditions at x = 0. In 
particular, with T(0) = T s i , C2 = T s i . Applying an energy balance to the inner surface, q CO nd = ^conv i 



dx 



x=0 



— hj (Tqq j T s [ ^ 



-x + Ci 



x=0 



— hi(Tco,i ^Sji) 



Cl = -(^A)(X»4-T,,i) 

T(x) = -(q/2k)x 2 - hi(T "--- T » ) x + T s ,, 

The required generation may then be obtained by formulating an energy balance at the outer surface, 
where qc 0n d = q con v,o • Usin § Ec l- W> 



(1) 



dT 

dx 



x=L 



~ (^s,o T°o,o ) 



(2) 

Continued... 
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PROBLEM 9.25 (Cont.) 



-k 



dT 

dx 



x=L 



qL 
k 



+ h i ( T oo,i " T s ,i ) = qL + ^ (Too i - T s?i ) 



Substituting Eq. (3) into Eq. (2), the energy balance becomes 

qL = h G (T S)0 - T^o ) + ^ (T s>i - ) 
where T Sj0 may be evaluated by applying Eq. (1) at x = L. 



T - - 
x s,o _ 



qL 2 h i( T oo,i" T s,i) 



L + T s ,i. 



2k k 

The inside convection coefficient may be obtained from Eq. 9.26. With 



(3) 



(4) 



(5) 



Ra H 



g/^i-T^jH 3 _9.8m/s 2 (3.503xlO- 3 K- 1 )(l5-10)K(0.5m) 3 ^ ? 

— 7 ^ / t ~z / — 7.137x10 , 



va 



14.60x10 6 m 2 /sx 20.59x10 6 m 2 /s 



Nuh 



0.825 + - 



0.387RaH 6 



l + (0.492/Pr)' 



9/16 



8/27 



0.825 + - 



1 



0.387 7.137x10 



7\ 



1/6 



1 + (0.492/0.711) 



9/16 



8/27 



55.2 



r — k 55.2 x 0.025 lW7m-K 2 „ 

hi =Nuh — = = 2.77W/m -K 

1 H 0.5m ' 



The outside convection coefficient may be obtained by first evaluating the Reynolds number. With 

= 7.413xlO f 



„ UqoH 20m/sx0.5m „ , <5 
Ren = 1 1 ■"" 



^ 13.49x10 6 m 2 /s 
and with Re x c = 5 x 10 5 , mixed boundary layer conditions exist. Hence, 



Nuh =( 



() 037Re H /5 -87! | 



jpr 1/3 = 0.037(7.413xl0 5 j 4/5 -871 



(0.714) 173 =864 



h Q = Nuh (k/H) = (864 x 0.0241 W/m •K)/0.5m = 41.6W/m -K. 
Eq. (5) may now be expressed as 

q (0.008m) 2 2.77 w/m 2 -K (10-15) K _ 5 
t - H ^ '— x 0.008m + 288 K = -2.286x10 3 q + 288.1K 



S '° 2(l.4W/m-K) 1.4W/m-K 
or, solving for q , q = -43, 745 (T s o - 288. l) 



(6) 



and substituting into Eq. (4), 

-43, 745 (t s o - 288. l) (0.008 m) = 41.6 w/m 2 -k(t s>0 -263k) + 2.77 w/m 2 • K(288 K - 283K) . 
It follows that T s 0 = 285.4 K in which case, from Eq. (6) 

q = 118kw/m 3 . < 

(b) The parametric calculations were performed using the One-Dimensional, Steady-state Conduction 
Model of IHT with the appropriate Correlations and Properties Tool Pads, and the results are as follows. 

Continued. 
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PROBLEM 9.25 (Cont.) 
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10 15 
Interior air temperature, Tinfi (C) 

uinf = 30 m/s, Tinfo = 5 C 
uinf = 30 m/s, Tinfo =-10 C 
uinf = 30 m/s, Tinfo =-25 C 



20 



E 



10 15 
Interior air temperature, Tinfi(C) 

uinf = 30 m/s, Tinfo = 5 C 
uinf = 30 m/s, Tinfo = -10 C 
uinf = 30 m/s, Tinfo = -25 C 



20 



For fixed T s>i and j , T s>0 and q are strongly influenced by 0 and , increasing and decreasing, 
respectively, with increasing 0 and decreasing and increasing, respectively with increasing . For 
fixed T Sji and Uqq , T s>0 and q are independent of T^j , but increase and decrease, respectively, with 
increasing Tq^q. 

COMMENTS: In lieu of performing a surface energy balance at x = L, Eq. (4) may also be obtained by 
applying an energy balance to a control volume about the entire window. 
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PROBLEM 9.26 

KNOWN: Vertical panel with uniform heat flux exposed to ambient air. 

FIND: Allowable heat flux if maximum temperature is not to exceed a specified value, T max . 
SCHEMATIC: 



i ft 




ASSUMPTIONS: (1) Constant properties, (2) Radiative exchange with surroundings negligible. 

PROPERTIES: Table A-4, Air (T f = (T L/2 + T^ll = (35.4 + 25)°C/2 = 30.2°C = 303K, 1 atm): v 

6 2 3 6 2 

16.19x10" m /s, k = 26.5 x 10" W/m-K, a = 22.9 x 10~ m /s, Pr = 0.707. 

ANALYSIS: Following the treatment of Section 9.6.1 for a vertical plate with uniform heat flux 

(constant ), the heat flux can be evaluated as 

qs=h~AT L/2 where AT L/2 =T s (L/2)-T 00 (1,2) 

and h is evaluated using an appropriate correlation for a constant temperature vertical plate. From 
Eq. 9.28, 



AT X ,T X -Too =1.15(x/L) 1/5 AT L/2 



(3) 



and recognizing that the maximum temperature will occur at the top edge, x = L, use Eq. (3) to find 
AT L/2 =(37-25)°C/1.15(l/l) 1/5 =10.4° C or T L / 2 =35.4°C. 



Calculate now the Rayleigh number based upon ATtj 2 , with Tf = (Tjj 2 + Too)/2 = 303K, 



Ray = 



g/?ATL 



where 



va 



AT = AT L/2 



Ra L =9.8m/s 2 (l/303K)xl0.4K(lm)' 3 /16.19xl0" 6 m 2 /sx 22.9x10"° m 2 /s = 9.07 x10 s 



(4) 



-6 2 



Since RaL < 10 , the boundary layer flow is laminar; hence the correlation of Eq. 9.27 is appropriate, 

.1/4 



Nu T = — = 0.68 + - 



0.670Ra 



1 + (0.492 /Pr) 



9/16 



4/9 



(5) 



h = 



0.0265 W/m-K 
lm 



0.68 + 0.670 9.07x10 



1/4 



1 + (0.492/0.707)' 



9/16 



4/9 



2.38W / m • K. 



From Eqs. (1) and (2) with numerical values for h and ATtj 2 , find 
a'' =2.38W/m 2 • Kx 10.4°C = 24.8 W/m 2 . 



COMMENTS: Recognize that radiation exchange with the environment will be significant. 
Assuming T s = T L/2 > T sur = and s = 1, find q^ a( j 



^(Ts" 4 -T s 4 ur ) = 66W/ m 2 . 
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PROBLEM 9.27 
KNOWN: Vertical circuit board dissipating 5W to ambient air. 

FIND: (a) Maximum temperature of the board assuming uniform surface heat flux and (b) 
Temperature of the board for an isothermal surface condition. 



SCHEMATIC: 



^Soard, 150 mm square 



—L = ISO mm 



9=SW 
..x 



Uniform heat flux, ?^ 
ASSUMPTIONS: (1) Either uniform q£ or T s on the board, (2) Quiescent room air 



Uniform surface temperature, t s 



PROPERTIES: Table A-4, Air (T f =(T L/2 + Too)/2 or (T s + Too)/2, 1 atm), values used in 
iterations: 



Iteration 


Tf(K) 


v-10 6 (m 2 /s) 


k-10 3 (W/m-K) 


a-10 6 (m 2 /s) 


Pr 


1 


312 


17.10 


27.2 


24.3 


0.705 


2 


324 


18.30 


28.1 


26.1 


0.704 


3 


319 


17.80 


27.7 


25.3 


0.704 


4 


320 


17.90 


27.8 


25.4 


0.704 


ANALYSIS: (a) For the uniform heat flux case (see Section 9.6. 1), the heat flux is 




qs 


= hAT L/2 


where 


AT L/2 = T L/2- T oo 




(1,2) 


and ql 


= q/A s = 


5W/(0.150m) 2 


= 222W/m 2 . 







The maximum temperature on the board will occur at x = L and from Eq. 9.28 is 
AT x =1.15(x/L) 1/5 AT L/2 

T L =T max = T oo+ 1 - 1 5AT L /2. 



(3) 



The average heat transfer coefficient h is estimated from a vertical (uniform T s ) plate 

correlation based upon the temperature difference ATtj 2 . Recognize that an iterative 

procedure is required: (i) assume a value of Ttj 2 , use Eq. (2) to find ATtj 2 ; (ii) evaluate the 
Rayleigh number 

Ra L =g/?AT L/2 L 3 /ra (4) 

and select the appropriate correlation (either Eq. 9.26 or 9.27) to estimate h; (iii) use Eq. (1) 

with values of h and ATtj 2 to find the calculated value of q£ ; and (iv) repeat this procedure 

2 

until the calculated value for q£ is close to ql = 222 W/m , the required heat flux. 

Continued 
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PROBLEM 9.27 (Cont.) 

To evaluate properties for the correlation, use the film temperature, 
Tf =(T L/2 +T o0 )/2. 

Iteration #i: Assume Tl/2 = 50°C and from Eqs. (2) and (5) find 

AT L/2 =(50-27)° C = 23°C T f = (50 + 27)° C/2 = 312K. 

From Eq. (4), with P = 1/Tf, the Rayleigh number is 

Ra L =9.8m/s 2 (l/312K)x23°C(0.150m) 3 /|l7.10xl0" 6 m 2 /sjx|24.3xl0" 6 m 2 /s) = 5.868xl0 6 . 



(5) 



) 9 

hL 



Since Raj^ < 10 , the flow is laminar and Eq. 9.27 is appropriate 

.1/4 



Nu T = — = 0.68 + - 



0.670Ra 



1 + (0.492 /Pr)' 



9/16 



4/9 



(5.868xl0 6 j ' I 1 + (0.492/0.705 ) 9/16 



4/9 



4.71 W/m • K. 



0.0272W/m-K / 6 

hi = ^ 0.68 + 0.6701 5.868x10 

0.150m [ 
Using Eq. (1), the calculated heat flux is 

=4.71W/m 2 -Kx23°C = 108W/m 2 . 

2 

Since q£ < 222 W/m , the required value, another iteration with an increased estimate for 
Tl/2 is warranted. Further iteration results are tabulated. 



Iteration 


T L /2(°C) 


AT L/2 ( 0 C) 


Tf(K) 


Ra L h 


'w/m 2 -Kj 


qs(w/m 


2 


75 


48 


324 


1.026xl0 7 


5.57 


268 


3 


65 


38 


319 


8.749xl0 6 


5.29 


201 


4 


68 


41 


320 


9.321xl0 6 


5.39 


221 



After Iteration 4, close agreement between the calculated and required ql is achieved with 
Tl/2 = 68°C. From Eq. (3), the maximum board temperature is 

T L =T max =27°C + 1.15(41)° C = 74° C. < 

(b) For the uniform temperature case, the procedure for estimation of the average heat transfer 
coefficient is the same. Hence, 



q »=68°C. 



T s = T L/2 

COMMENTS: In both cases, q = 5W and 
— 2 

h = 5.38W/m . However, the temperature 
distributions for the two cases are quite 
different as shown on the sketch. For q" s = 

constant, AT X ~ x* /5 according to Eq. 9.28. 





i 








const 


0.5- 


/ 


< — T s -const^ 


0 
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PROBLEM 9.28 



KNOWN: Coolant flow rate and inlet and outlet temperatures. Dimensions and emissivity of channel 
side walls. Temperature of surroundings. Power dissipation. 

FIND: (a) Temperature of sidewalls for s s = 0.15, (b) Temperature of sidewalls for e s = 0.90, (c) 
Sidewall temperatures with loss of coolant for s s = 0.15 and e s = 0.90. 

SCHEMATIC: 



T S ur = 20°C 

q = 200 W 

T s ,£ s 




m = 0.015 kg/s r-^^T 



T m ,i = 20°C 




Too = 20°C 
p = 1 atm 



ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from top and bottom surfaces of duct, 
(3) Isothermal side walls, (4) Large surroundings, (5) Coolant is incompressible liquid with negligible 
viscous dissipation, (6) Constant properties. 

PROPERTIES: Table A-4, air (T m = 298 K) : c p = 1007 J/kg-K. Air properties required for the free 

convection calculations depend on T s and were evaluated as part of the iterative solution obtained 
using the IHT software. 

ANALYSIS: (a) The heat dissipated by the components is transferred by forced convection to the 
coolant (q c ), as well as by natural convection (q CO nv) an d radiation (q ra d) to the ambient air and the 
surroundings. Hence, 

q = q c + q CO nv + q ra d = 200 w 



q c = rhcp (T m o - T m i ) = 0.015kg / s x 1007 J / kg • K x 10°C = 15 1 W 

qconv = 2h A s (T s - Tqq ) 
where A s = H x L = 0.32 m 2 and h is obtained from Eq. 9.26, with Ra H = g/3 (T s - ) H 3 / av. 

I 2 

0.387 R? 1/6 
0.825 + 



(1) 
(2) 
(3) 



h = 



H 



H 



1 + (0.492 /Pr) 



9/16 



8/27 



qrad _ 2 A s s s a |t s T sur j 



(3a) 



(4) 



Substituting Eqs. (2) - (4) into (1) and solving using the IHT software with e s = 0. 15, we obtain 



T s = 308.8 K = 35.8°C 



The corresponding heat rates are q CO nv = 39.6 W and q ra( j = 9.4 W. 
(b) For Ss = 0.90 and q c = 151 W, the solution to Eqs. (1) - (4) yields 



Continued 
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PROBLEM 9.28 (Cont.) 



T s = 301.8 K = 28.8°C 



< 



with q con v = 18.7 W and q ra d = 30.3 W. Hence, enhanced emission from the surface yields a lower 
operating temperature and heat transfer by radiation now exceeds that due to conduction. 



(c) With loss of coolant flow, we can expect all of the heat to be dissipated from the sidewalls (q c = 0). 
Solving Eqs. (1), (3) and (4), we obtain 



s s =0.15: 



T s =341.8K = 68.8°C 



< 



q conv = 165.9 W, 



q rad =34.1W 



s s = 0.90 : 



T s = 322.5 K = 49.5°C 



< 



Qconv =87.6W, 



q rad =112.4W 



Since the temperature of the electronic components exceeds that of the sidewalls, the value of T s = 

68.8°C corresponding to s s = 0.15 may be unacceptable, in which case the high emissivity coating 
should be applied to the walls. 

COMMENTS: For the foregoing cases the convection coefficient is in the range 3.31 < h < 5.31 

2 

W/m -K, with the smallest value corresponding to (q c = 151 W, s s = 0.90) and the largest value to (q c 

2 

= 0, s s = 0.15). The radiation coefficient is in the range 0.93 < h ra( j < 5.96 W/m K, with the smallest 
value corresponding to (q c = 151 W, s s = 0.15) and the largest value to (q c = 0, £ s = 0.90). 
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PROBLEM 9.29 



KNOWN: Dimensions, interior surface temperature, and exterior surface emissivity of a refrigerator 
door. Temperature of ambient air and surroundings. 

FIND: (a) Heat gain with no insulation, (b) Heat gain as a function of thickness for polystyrene 
insulation. 

SCHEMATIC: 



W= 0.65 m 




T si =5 ° c x Fcond 



Polystyrene, 
/<, = 0.03W/mK 




H = 1 m 

(AiT) 
_L T = 25 °C 



9 rad 
°l conv 



7 b = 0.6 



7 sur 25°C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible thermal resistance of steel and 
polypropylene sheets, (3) Negligible contact resistance between sheets and insulation, (4) One- 
dimensional conduction in insulation, (5) Quiescent air. 

PROPERTIES: Table A.4, air (T f = 288 K): v = 14.82 x 10" 6 m 2 /s, a = 20.92 x 10" 6 m 2 /s, k = 0.0253 
W/m-K, Pr = 0.71, p = 0.00347 K" 1 . 

ANALYSIS: (a) Without insulation, T so = T Sii = 278 K and the heat gain is 
q W0 = hA s (Too - T s ,i ) + «xA s (T s 4 ur - T 4 J 

where A s = HW = 0.65 m 2 . With a Rayleigh number of Ra H = gy?(T 00 -T s i )H 3 lav = 9.8 m/s 2 (0.00347 
K" 1 )(20 K)(l) 3 /(20.92 x 10" 6 m 2 /s)(14.82 x 10" 6 m 2 /s) = 2.19 x 10 9 , Eq. 9.26 yields 

4/6 



Nuh 



0.825 + - 



0.387 2.19x10^ 



1 + (0.492/0.71) 



9/16 



8/27 



156.6 



h = Nuh (k/H) = 156.6(0.0253 W/m- K/lm) = 4.0 W/ m 2 • K 
q wo = 4.0 w/m 2 • K (o.65 m 2 J (20 K) + 0.6 ^5.67 x 10" 8 w/ m 2 • K 4 J ^0.65 m 2 J ^298 4 - 278 4 j K 



q wo =(52.00 + 42.3) W = 94.3 W < 
(b) With the insulation, T s 0 may be determined by performing an energy balance at the outer surface, 
where q£ onv +q rad = q£ ond , or 



h ( T oo " T s , 0 ) + etr (t s 4 u r - T 4 Q J = ^- (t s o - T s i ) 



Using the IHT First Law Model for a Nonisothermal Plane Wall with the appropriate Correlations and 
Properties Tool Pads and evaluating the heat gain from 

Continued... 
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PROBLEM 9.29 (Cont.) 

1w = J~~(Ts,o _r ^s,i) 
the following results are obtained for the effect of L on T s o and q w . 




0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 

Insulation thickness, L(m) Insulation thickness, L(m) 

The outer surface temperature increases with increasing L, causing a reduction in the rate of heat transfer 
to the refrigerator compartment. For L = 0.025 m, h = 2.29 W/m 2 -K, h rad = 3.54 W/m 2 -K, q conv = 5.16 W, 
q rad = 7.99 W, q w = 13.15 W, and T s ,„ = 21.5°C. 

COMMENTS: The insulation is extremely effective in reducing the heat load, and there would be little 
value to increasing L beyond 25 mm. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 9.30 



KNOWN: Air receiving tank of height 2.5 m and diameter 0.75 m; inside air is at 3 atm and 100°C while 
outside ambient air is 25°C. 



FIND: (a) Receiver wall temperature and heat transfer to the ambient air; assume receiver wall is T s = 
60°C to facilitate use of the free convection correlations; (b) Whether film temperatures and T f o were 
reasonable; if not, use an iteration procedure to find consistent values; and (c) Receiver wall temperatures, 
T s>i and T s>0 , considering radiation exchange from the exterior surface (s Sj0 = 0.85) and thermal resistance 
of the wall (20 mm thick, k = 0.25W/m-K); represent the system by a thermal circuit. 

SCHEMATIC: 

-D = 0.75m 



W = ioo°c 

Pi = 3atm 




W =100 ° C 
Pj = 3atm 



A s = nDL 



L 



r oo0 = 25°c 

p 0 = 1 atm 



Receiver wall 

ASSUMPTIONS: (1) Surface radiation effects are negligible, parts (a,b), (2) Losses from top and 
bottom of receiver are negligible, (3) Thermal resistance of receiver wall is negligible compared to free 
convection resistance, parts (a,b), (4) Interior and exterior air is quiescent and extensive. 

PROPERTIES: Table A-4, Air (assume T f>0 = 315 K, 1 atm): v = 1.74 x 10" 5 m 2 /s, k = 0.02741 W/m-K, 
a = 2.472 x 10" 5 m 2 /s, Pr =0.7049; Table A-4, Air (assume T u = 350 K, 3 atm): v =2.092 x 10" 5 m 2 /s/3= 
6.973 x 10" 6 m 2 /s, k = 0.030 W/m-K, a = 2.990 x 10" 5 m 2 /s/3 = 9.967 x 10" 6 m 2 /s, Pr = 0.700. Note that 
the pressure effect is present for v and a since p(l atm) = l/3p(3 atm); other properties (c p , k, p.) are 
assumed independent of pressure. 



ANALYSIS: The heat transfer rate from the 
receiver follows from the thermal circuit, 



7^/ = 100°C 



7~ c 



7 00f0 =25°C 



AT 



00,1 



oo, o 



R t l/h Q A s 



l/hiA s 



Ag (T», i T»,o ) 
l/h„+l/h; 



8(1) 



hjA< 



h Q A s 



where h Q and hj must be estimated from free convection correlations. We must assume a value of T s in 
order to obtain first estimates for AT D = T s - T^ 0 and AT ; = T^ 0 - T s as well as T f o and Ty. Assume 
that T s = 60°C, then AT D = 60 - 25 = 35°C, T fo = 315 K and AT; = 100 - 60 = 40°C, and T fi = 350 K. 



Ra 



L,o 



gy^ATL 3 _ 9.8m/s 2 (V315K)x35K(2.5m)' 



va 



1.74x10 5 m 2 /sx 2.472x10 5 m 2 /s 



= 3.952x10 



10 



9.8m/s 2 (l/350K)x40K(2.5mr n 

Ra u = 1 } > ^ _ 6 2/ =2.518xl0 U 

6.973x10 V 2 /sx9.967xl0 b m 2 /s 



Approximating the receiver wall as a vertical plate, Eq. 9.26 yields 



Continued. 
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PROBLEM 9.30 (Cont.) 



Nut o 



0.825 + ■ 



0.387Ra 



1/6 
L,o 



l + (0.492/Pr) 



9/16 



8/27 



0.825 + - 



0.387 (3.952 xlO 10 



1/6 



1 + (0.492/0.7049)' 



9/16 



8/27 



390.0 



— h L;i L 
NuL,i = 



0.825 + ■ 



0.387 2.518x10 



11 



1/6 



1 + (0.492/0.700)' 



9/16 



8/27 



706.4 



0.02741 W/m-K 



n L,o = 
From Eq. (1), 



2.5m 



-x 390.0 = 4.27 W/m -K 



0.030 W/m-K 



2.5m 



■ x 706.4 = 8.48 W/ m - K 



q = ;rx 0.75m x2.5m(l00- 25) K, 



1 1 

427 r+ 848 



m z 7K-W = 1225W 



Also, 



T s = T oo,i " q/hi A s = 100°C - 1255 w/(8.48 w/m 2 • K x n x 0.75 m x 2.5 m J = 74.9°C < 



(b) From the above result for T s , the computed film temperatures are 
T fo =323K T f)i =360K 

as compared to assumed values of 315 and 350 K, respectively. Using IHT Correlation Tools for the 
Free Convection, Vertical Plate, and the thermal circuit representing Eq. (1) to find T s , rather than using 
as assumed value, 

Tqo,o — ^ T s — Too o 



l/h 0 l/h 0 

we found 

q= 1262W T S = 71.4°C * 

with Tf >0 = 321K and 359 K. The iteration only influenced the heat rate slightly. 

(c) Considering effects due to thermal resistance of the tank wall and radiation exchange, the thermal 
resistance network representing the system is shown below. 



s,i ' 



' S,0 



k= 0.25 W/m-K 



\*— L = 20 mm 

D, = 750 mm 




R R 

^cvj wall 



R rad,o Tsur 

Continued 
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PROBLEM 9.30 (Cont.) 



Using the 1HT Model, Thermal Network, with the Correlation Tool for Free Convection, Vertical Plate, 
and Properties Tool for Air, a model was developed which incorporates all the foregoing equations of 
parts (a,b), but includes the thermal resistance of the wall, Table 3.3, 

Rwall= \ ' } D 0 =D i+ 2xt 
2;rLk 

The results of the analyses are tabulated below showing for comparison those from parts (a) and (b): 





Rcv,i 


R w 


Rcv,o 


Rrad 


T s ,i 


T s , 0 


q 


Part 


(K/W) 


(K/W) 


(K/W) 


(K/W) 


(°C) 


(°C) 


w 


(a) 


0.0200 


0 


0.0398 


00 


74.9* 


74.9* 


1255 


(b) 


0.0227 


0 


0.0367 


00 


71.4 


71.4 


1262 


(c) 


0.0219 


0.0132 


0.0419 


0.0280 


68.4 


49.3 


1445 



*Recall we assumed T s = 60°C in order to simplify the correlation calculation with fixed values of AT;, 
AT 0 as well as T f;Q , T f i . 

COMMENTS: (1) In the table note the slight difference between results using assumed values for T f and 
AT in the correlations (part (a)) and the exact solution (part (b)). 

(2) In the part (c) results, considering thermal resistance of the wall and the radiation exchange process, 
the net effect was to reduce the overall thermal resistance of the system and, hence, the heat rate 
increased. 



(3) In the part (c) analysis, the IHT Thermal Resistance Network model was used to create the thermal 
circuit and generate the required energy balances. The convection resistances were determined from 
appropriate Convection Correlation Tools. The code was developed in two steps: (1) Solve the energy 
balance relations from the Network with assigned values for hj and h Q to demonstrate that the energy 
relations were correct and then (2) Call in the Convection Correlations and solve with variable 
coefficients. Because this equation set is very stiff, we used the intrinsic heat transfer function 
Tfluid_avg and followed these steps in the solution: Step (1): Assign constant values to the film 
temperatures, T fi and T fo , and to the temperature differences in the convection correlations, ATj and AT 0 ; 
and in the Initial Guesses table, restrain all thermal resistances to be positive (minimum value = le-20); 
Solve; Step (2): Allow the film temperatures to be unknowns but keep assigned variables for the 
temperature differences; use the Load option and Solve. Step (3): Repeat the previous step but allowing 
the temperature differences to be unknowns. Even though you get a "successful solve" message, repeat 
the Load-Solve sequence until you see no changes in key variables so that you are assured that the Solver 
has fully converged on the solution. 
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PROBLEM 9.31 



KNOWN: Dimensions and emissivity of cylindrical solar receiver. Incident solar flux. Temperature 
of ambient air. 

FIND: (a) Heat loss and collection efficiency for a prescribed receiver temperature, (b) Effect of 
receiver temperature on heat losses and collector efficiency. 

SCHEMATIC: 




Receiver 

T s = 800 K, e = 0.20 



L = 12m 



ASSUMPTIONS: (1) Steady-state, (2) Ambient air is quiescent, (3) Incident solar flux is uniformly 
distributed over receiver surface, (4) All of the incident solar flux is absorbed by the receiver, (5) 
Negligible irradiation from the surroundings, (6) Uniform receiver surface temperature, (7) Curvature 
of cylinder has a negligible effect on boundary layer development, (8) Constant properties. 

PROPERTIES: Table A-4, air (T f = 550 K): k = 0.0439 W/m-K, v= 45.6 x 10" 6 m 2 /s, a = 66.7 x 
10" 6 m 2 /s, Pr = 0.683, /?= 1.82 x 10" 3 K~\ 



ANALYSIS: (a) The total heat loss is 

q = qrad + qconv = A s + hA s (T s - ) 



With Ra L = g/?(T s - Too)L 3 /ra = 9.8 m/s 2 (1.82 x 10" 3 K" 1 ) 500K (12m) 3 /(45.6 x 66.7 x 10" 12 m 4 /s 2 ) 
= 5.07 x 10 12 , Eq. 9.26 yields 



- k 
h = — { 
L 



0.825 + ■ 



0.387 Ra}^ 6 



1 + (0.492 /Pr)' 



9/16 



8/27 



0.0439 W/m-K 
12m 



{0.825 + 42.4} 2 =6.83W/m 2 -K 



Hence, with A s - nDL - 264 m 



q = 264 m 2 x 0.2 x 5.67 x 10" 8 W / m 2 • K 4 (800 K) + 264 m 2 x 6.83 W / m 2 • K (500 K) 
q = q rad +q conv =1.23xl0 6 W + 9.01xl0 5 W = 2.13xl0 6 W < 

7 

With A s q s = 2.64 x 10 W, the collector efficiency is 



>7 



A s q 



100: 



2.64x10' -2.13x10° W 



s ) 



2.64x10' W 



(100) = 91.9% 



Continued 
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PROBLEM 9.31 (Cont.) 



(b) As shown below, because of its dependence on temperature to the fourth power, q ra d increases 
more significantly with increasing T s than does q con v> an d the effect on the efficiency is pronounced. 




COMMENTS: The collector efficiency is also reduced by the inability to have a perfectly absorbing 
receiver. Partial reflection of the incident solar flux will reduce the efficiency by at least several 
percent. 
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PROBLEM 9.32 



KNOWN: An experimental apparatus for measuring the local convection coefficient and the 
boundary layer temperature distribution for a heated vertical plate immersed in an extensive, quiescent 
fluid. 

FIND: (a) An expression for estimating the radiation heat flux from the sensor as a function of the 
surface emissivity, surroundings temperature, and the quantity (T s - Too); (b) Using this expression, 
apply the correction to the measured total heat flux, q'j ot , (see Table 1 below for data) to obtain the 

convection heat flux, q£ v , and calculate the convection coefficient; (c) Calculate and plot the local 

convection coefficient, h x (x), as a function the x-coordinate using the similarity solution, Eqs. 9.19 
and 9.20; on the same graph, plot the experimental points; comment on the comparison between the 
experimental and analytical results; and (d) Compare the experimental boundary-layer air temperature 
measurements (see Table 2 below for data) with results from the similarity solution, Fig. 9.4(b). 
Summarize the results of your analysis using the similarity parameter, r\, and the dimensionless 

temperature, T . Comment on the comparison between the experimental and analytical results. 

SCHEMATIC: 



Vertical, isothermal 
test plate, 
T„ s = 0.05, 

Thin-film heat flux 
sensor and 
surface TC 




x = 0 



l* y 




T(xo,y) 



> y 

Air probe temperature measurements 



ASSUMPTIONS: (1) Steady-state conditions, (2) Test plate at a uniform temperature, (3) Ambient 
air is quiescent, (4) Room walls are isothermal and at the same temperature as the plate. 

PROPERTIES: Table A-4, Air (T f =(T S + T^ = 300 K, 1 atm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 
W/m-K, Pr = 0.707, p = 1/T f . 

ANALYSIS: (a) The radiation heat flux from the sensor as a function of the surface emissivity, 
surroundings temperature, and the quantity (T s - Too) follows from Eqs. (1.8) and (1.9) 

.2 



qrad ~~ h ra cl (Tg Too ) 



h rad =^cr(T s +T 00 ) T s +T C 



.2 

l 00 



(1,2) 



where T sur - Too- Since T s « Too, h rac j « AsaT^ where T = (T s + T^ ) / 2. 

(b) Using the above expression, the radiation heat flux, t\ r&c \ , is calculated. This correction is applied 
to the measured total heat flux, qt' ot , to obtain the convection heat flux, q£ v , from which the local 
convection coefficient, h x eX p is calculated. 

qcv =q'tot -qrad O) 

hx,exp = ^cv I (is — Too ) (4) 



Continued 
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PROBLEM 9.32 (Cont.) 

The heat flux sensor data are given in the first row of the table below, and the subsequent rows labeled 
(b) are calculated using Eqs. (1, 3, 4). 

Table 1 

Heat flux sensor data and convection coefficient calculation results 







T s 


- Too = 7.7 K 




303.7 K,T f 


= T* 


300 K 




x (mm) 


25 


75 


175 


275 


375 


475 


Data 


q'L (w/m 2 ) 


41.4 


27.2 


22.0 


20.1 


18.3 


17.2 


(b) 


q" rad (W/m 2 ) 


2.28 


2.28 


2.28 


2.28 


2.28 


2.28 


(b) 


q" cv (W/m 2 ) 


39.0 


24.8 


19.6 


17.7 


15.9 


14.8 


(b) 


K exp (W/m 2 -K) 


5.07 


3.23 


2.55 


2.30 


2.07 


1.93 


(c) 


Kss (W/m 2 -K) 


4.16 


3.16 


2.56 


2.29 


2.12 


1.99 



(c) The similarity solution for the vertical surface, Section 9.4, provides the expression for the local 
Nusselt number in terms of the dimensionless parameters T* and t|. Using Eqs. (9.19) and (9.20), 

NUx = hx^ = ( G r x /4) 1/4 g(Pr) (5) 



§( Pr ) = - : J74 (6) 

0.609 + 1.221 Pr 1/2 +1.238 Pr 



0.75 Pr 1/2 

_ ) 

where the local Grashof number is 

Gr x =g^(T s -T o0 )x 3 /v 2 (7) 

and the thermophysical properties are evaluated at the film temperature, Tf = (T s + Too)/2. Inserting 
numerical values results in h x ss = 1.66(x)" 1/4 . The results are shown in Table 1 above. 

Using the above relations in the IHT workspace along with the properties library for air, the 
convection coefficient h x ss is calculated for selected values of x. The results in the graph below 
compared to the experimental results. 
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PROBLEM 9.32 (Cont.) 



The experimental results and the calculated similarity solution coefficients are in good agreement 
except near the leading edge. 

(d) The experimental boundary -layer air temperature measurements for three discrete y-locations at 
two x-locations are shown in the first two rows of the table below. From Eq. 9.13, the similarity 
parameter is 



x 



'GO 1 ' 4 

J 



4 

and the dimensionless temperature for the experimental data are 

rp* _ T — Tqq 

eXp rp rp 

Figure 9.4(b) is used to obtain the dimensionless temperature from the similarity solution, T* s , for the 
required values of r| and are tabulated below. 
Table 2 

Boundary -layer air temperature data and similarity solution results 









T s — Too — 


7.3 K 






x = 200 mm, Gr x = 


7.6xl0 6 


x = 400 mm, Gr x = 


6.0xl0 7 


y (mm) 


2.5 


5.0 


10.0 


2.5 


5.0 


10.0 


T(x,y) - T x (K) 


5.5 


3.8 


1.6 


5.9 


4.5 


2.0 


r 

exp 


0.753 


0.521 


0.219 


0.808 


0.616 


0.274 




0.46 


0.93 


1.86 


0.39 


0.78 


1.56 


r 


0.79 


0.58 


0.23 


0.82 


0.65 


0.31 



The experimentally determined dimensionless temperatures, T exp , are systematically lower than those 
from the similarity solution T* s , but are in reasonable agreement. 
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PROBLEM 9.33 



KNOWN: Transformer which dissipates 1000 W whose surface is to be maintained at 47°C in 
quiescent air and surroundings at 27°C. 

FIND: Power removal (a) by free convection and radiation from lateral and upper horizontal surfaces 
and (b) with 30 vertical fins attached to lateral surface. 



SCHEMATIC: 




transformer, 

D=0.23m,H= 0.5m, 

1000 W dissipation ,js 

tipper surface— ^ 
of -transformer 



T S =47°C, &S--OB 




Width, 
75mm 

i^-Fin, 
thickness 
Smm^OOntm 

s a = o.a 



ASSUMPTIONS: (1) Fins are isothermal at lateral surface temperature, T s , (2) Vertical fins and 
lateral surface behave as vertical plate, (3) Transformer has isothermal surfaces and loses heat only on 
top and side. 

PROPERTIES: Table A-4, Air (T f = (27+47)°C/2=310K, 1 atm): v = 16.90 x 10" 6 m 2 /s, k = 27.0 x 

3 6 2 

10" W/m-K, a = 23.98 x 10~ m /s, Pr = 0.706, p = 1/T f . 

ANALYSIS: (a) For the vertical lateral (lat) and top horizontal (top) surfaces, the heat loss by 
radiation and convection is 

q = qiat + qtop = (hat + h r ) ^DL (T s - ) + (h top + h r ) [tt 2 D 1 4 J (T s - ) 

where, from Eq. 1.9, the linearized radiation coefficient is 

hr^Ts+T^T^ + T^) 

h r = 0.8 x 5.67 x 10" 8 W / m 2 • K 4 (320 + 300) K^320 2 + 300 2 j K 2 = 5.41 W / m 2 • K. 

The free convection coefficient for the lateral and top surfaces is: 

Lateral-vertical plate: Using Eq. 9.26 with 

g/fffTo-Too)!! 3 9.8m/s 2 (l/310K)(47-27)K(0.5m) 3 o 
Ra L =^-5 ^ = v — A ' \ „ > = 1.950x10 s 



Nu L = 



va 



0.825 + • 



16.90x10 6 m 2 /sx23.98xl0 6 m 2 /s 
2 



0.387RaL /6 



1 + (0.492 /Pr) 



9/16 



8/27 



Nu L =^ 



0.387 1.950 



0.825 + - 



)xl0 8 



l + (0.492/0.706) 



9/16 



8/27 



2 

= 74.5 



h lat =Nu L •k/H = 74.5x0.027W/m-K/0.5m = 4.02W/m z -K. 



Continued 
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PROBLEM 9.33 (Cont.) 

Top-horizontal plate: Using Eq. 9.30 with 



L C =A S /P = 



ttD 2 /4 



= D/4 = 0.0575m 



g^fT.-Too)^ 3 9.8m/s 2 (l/310K)(47-27)K(0.0575mr < 
Ra L = ™> 0 = i ' V — — = 2.97 x W 



va 



Nu L =0.54Ra^ /4 =0.54|2.97xl0 5 



16.90 x 10" 6 m 2 / s x 23.98 x 10" 6 m 2 / s 
1/4 



^2.97xl0 5 j = 



12.6 



h top = Nu L -k/L c =12.6x0.027W/m-K/0.0575m = 5.92W/m z -K. 

Hence, the heat loss by convection and radiation is 

q = (4.02 + 5.41) W/m 2 -K(^x0.23mx0.50m)(47-27)K 

+ (5.92 + 5.41) W/m 2 -K^x0.23 2 m 2 /4j(47-27)K 

q = (68.2 + 4.50) W = 72.7 W. 
(b) The effect of adding the vertical fins is to increase the area of the lateral surface to 
A wf =[^DH-30(t-H)] + 30x2(w-H) 

A wf = ^0.23mx0.50m-30(0.005x0.500)m 2 +30x2(0.075x0.500)m 2 

A wf = [0.361-0.075]m 2 + 2.25 m 2 = 2.536m 2 . 
where t and w are the thickness and width of the fins, respectively. Hence, the heat loss is now 
q = qiat + qtop = (hat + h r ) A wf ( T s " Too ) + q t0 p 



q = (4.02 + 5.41) W / m 2 x 2.536 m 2 x 20 K + 4.50 W = 483 W. 

Adding the fins to the lateral surface increases the heat loss by a factor of more than six. 

COMMENTS: Since the fins are not likely to have 100% efficiency, our estimate is optimistic. 
Further, since the fins see one another, as well as the lateral surface, the radiative heat loss is over 
predicted. 
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PROBLEM 9.34 

KNOWN: Surface temperature of a long duct and ambient air temperature 
FIND: Heat gain to the duct per unit length of the duct. 
SCHEMATIC: 





T s =10°C 



& -> s/</« of duct 
1 top 
b^>- bottom 



ASSUMPTIONS: (1) Surface radiation effects are negligible, (2) Ambient air is quiescent. 

6 2 

PROPERTIES: Table A-4, Air (T f = (T^ + T s )/2 * 300K, 1 atm): v = 15.89 x 10" m /s, k = 

-6 2, 

0.0263 W/m-K, a = 22.5 x 10 m /s, Pr = 0.707, p = 1/T f . 

ANALYSIS: The heat gain to the duct can be expressed as 

q' = 2q^+q' t +q b =(2h s -H + h t -W + h b -W)(T 00 -T s ). (1) 

Consider now correlations to estimate h s , h t , and h^, . From Eq. 9.25, for the sides with L = H, 

g/JfToo-XjL 3 9.8m/s 2 (l/300K)(35-10)Kx(0.2m) 3 7 
Ra L = V 00 ^ — = V - - A '- i - ' =1.827xl0 / . (2) 



va 



15.89 x 10" 6 m 2 / s x 22.5 x 10" 6 m 2 / s 



Eq. 9.27 is appropriate to estimate h s , 



Nu L =0.68 + 



0.670 Ra 



1/4 



1 + (0.492 /Pr) 



9/16 



4/9 



= 0.68 + - 



0.670 1.827x10 



1/4 



1 + (0.492/ 0.707) 



9/16 



4/9 



h s =Nu L •k/L = 34.29x0.0263W/m-K/0.2m = 4.51W/m 2 -K. 



= 34.29 



(3) 



For the top and bottom portions of the duct, L = A s /P « W/2, (see Eq. 9.29), find the Rayleigh number 

from Eq. (2) with L = 0.1 m, Raj^ = 2.284 x 10 6 . From the correlations, Eqs. 9.30 and 9.32 for the top 
and bottom surfaces, respectively, find 



h t = 



k ncA-o 1/4 0.0263W/m-K 
x 0.54 Ray =- 



(W/2) 
k 



0.1m 



x0.54^ 



.6 



hb=7T77^x0.27Rai /4 = °- Q26W/m - K x0.27f2.284xl0 6 r%2.76W/m 2 -K. (5) 



(W/2) 



0.1m 



) =: 

\l/4 

) 



2.284xlO u | =5.52W/m^-K. (4) 
1/4 



The heat rate, Eq. (1), can now be evaluated using the heat transfer coefficients estimated from Eqs. 
(3), (4), and (5). 

q' = ^2x 4.51 W/m 2 -Kx0.2m + 5.52 W/m 2 -Kx0.2m + 2.76 W/m 2 -Kx0.2mj(35-10)K 

q' = 86.5W/m. < 

COMMENTS: Radiation surface effects will be significant in this situation. With knowledge of the 
duct emissivity and surroundings temperature, the radiation heat exchange could be estimated. 
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PROBLEM 9.35 

KNOWN: Inner surface temperature and dimensions of rectangular duct. Thermal conductivity, 
thickness and emissivity of insulation. 

FIND: (a) Outer surface temperatures and heat losses from the walls, (b) Effect of insulation thickness 
on outer surface temperatures and heat losses. 

SCHEMATIC: 



Insulation 
kj = 0.035 W/m-K 



7" Si1 =45°C 




conv 



0^ f^50 mm 



Top, bottom or 
side wall 



ASSUMPTIONS: (1) Ambient air is quiescent, (2) One-dimensional conduction, (3) Steady-state. 
PROPERTIES: Table A.4, air (obtained from Properties Tool Pad of IHT). 

ANALYSIS: (a) The analysis follows that of Example 9.3, except the surface energy balance must now 
include the effect of radiation. Hence, q^ on( j = q conv + q r ad > m which case 

(kiA)(T s ,l -T s>2 ) = h(T S)2 -T^ + hr (T Sj2 -T sur ) 

where h r = so (T s 2 + T sur j f T^, + T^j r j . Applying this expression to each of the top, bottom and 

side walls, with the appropriate correlation obtained from the Correlations Tool Pad of IHT, the 
following results are determined for t = 25 mm. 

Sides: T s , 2 = 19.3°C, h = 2.82 W/m 2 -K, h rad = 5.54 W/m 2 -K 

Top: T s , 2 = 19.3°C, h = 2.94 W/m 2 -K, h rad = 5.54 W/m 2 -K < 

Bottom: T s , 2 = 20.1°C, h = 1.34 W/m 2 -K, h rad = 5.56 W/m 2 -K 

With q" = q con d , the surface heat losses may also be evaluated, and we obtain 

Sides: q' = 2Hq" =21.6 W/m; Top: q' = wq" = 27.0 W/m; Bottom: q' = wq" = 26.2 W/m < 
(b) For the top surface, the following results are obtained from the parametric calculations 



Continued. 
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PROBLEM 9.35 (Cont.) 



o 




0) 
X 



300 



200 



100 




0.01 



0.02 



0.03 



0.04 



0.05 



0.01 



0.02 



0.03 



0.04 



0.05 



Insulation thickness, t(m) Insulation thickness, t(m) 

COMMENTS: Contrasting the heat rates of part (a) with those predicted in Comment 1 of Example 9.3, 
it is evident that radiation is significant and increases the total heat loss from 57.6 W/m to 74.8 W/m. As 
shown in part (b), reductions in T s o and q' may be effected by increasing the insulation thickness above 
0.025 W/m-K, although attendant benefits diminish with increasing t. 
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PROBLEM 9.36 

KNOWN: Electric heater at bottom of tank of 400mm diameter maintains surface at 70°C 
with engine oil at 5°C. 

FIND: Power required to maintain 70°C surface temperature. 
SCHEMATIC: 



Tank 

D- 400mm 




on, r^s'c 



^A/VVVV\A/| 



ASSUMPTIONS: (1) Oil is quiescent, (2) Quasi-steady state conditions exist. 



-6 2, 



PROPERTIES: Table A-5, Engine Oil (T f = (T^ + T s )/2 = 310K): v = 288 x 10 m /s, k = 
0.145 W/m-K, a = 0.847 x 10" ? m 2 /s, p = 0.70 x 10" 3 K \ 

ANALYSIS: The heat rate from the bottom heater surface to the oil is 
q = hA s (T s -T 00 ) 

where h is estimated from the appropriate correlation depending upon the Rayleigh number 
RaL, from Eq. 9.25, using the characteristic length, L, from Eq. 9.29, 



P 7lD 

The Rayleigh number is 



ttD a /4 D 0.4m 



4 



4 



0.1m. 



Ra L = 



g^(T s -T 00 )L 3 



va 



9.8m/s z x0.70xl0 3 K 1 (70-5)Kx0.1 J m J 7 
RaL = — = 1.828x10' 



,3 3 



288x10 6 m 2 /sx0.847xl0 7 m 2 /s 



The appropriate correlation is Eq. 9.31 giving 

Nu T = — = 0.15Ra! /3 =0.15fl. 828xl0 7 



'L 



h = -Nu 
L 



1/3 



= 39.5 



L 



0.145W/m-K „ow/ 2 v 

x39.5 = 57.3 W/m K. 

0.1m 



The heat rate is then 



q = 57.3W/m 2 -K(^-/4)(0.4m) 2 (70-5)K = 468W. 



COMMENTS: Note that the characteristic length is D/4 and not D; however, A s is based 

upon D. Recognize that if the oil is being continuously heated by the plate, T^ could change. 
Hence, here we have analyzed a quasi-steady state condition. 
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PROBLEM 9.37 

KNOWN: Horizontal, straight fin fabricated from plain carbon steel with thickness 6 mm and length 100 
mm; base temperature is 150°C and air temperature is 25°C. 

FIND: (a) Fin heat rate per unit width, qf , assuming an average fin surface temperature T s = 125°C for 
estimating free convection and linearized radiation coefficient; how sensitive is qf to the assumed value 
for T s ?; (b) Compute and plot the heat rate, qf as a function of emissivity 0.05 < s < 0.95; show also 
the fraction of the total heat rate due to radiation exchange. 

SCHEMATIC: 

^Toc = 25 °Cf 



T b = 150°C 




t = 6mm 



L= 100mm 

ASSUMPTIONS: (1) Air is quiescent medium, (2) Surface radiation effects are negligible, (3) One 
dimensional conduction in fin, (4) Characteristic length, L c = A s /P = £L\2i + 2L) « L/2 . 



PROPERTIES: 



Plain carbon steel, Given (r fin * 125° C » 400 K J : k = 57 W/m ■ K, S = 0.5 ; Table A- 



4, Air(T f =(T fin + T 00 )/2 = (125 + 25)° CI 2 * 350 K, 1 atm): v = 20.92 x 10" 6 m 2 /s, a = 29.9 x 10" 6 
m 2 /s, k = 0.030 W/m-K, Pr = 0.70, 0 = 1/T f . 

ANALYSIS: (a) We estimate h as the average of the values for a heated plate facing upward and a 
heated plate facing downward. See Table 9.2, Case 3(a) and (b). Begin by evaluating the Rayleigh 
number, using Eq. 9.29 for L c . 

PaL = gA( T fin-Too)L 3 c = 9.8m/s 2 (l/350K)(l25-25)Kx(Q.lm/2) 3 =5 595;;1Q 5 



va 20.92x10 6 m 2 /sx 29.9x10 6 m 2 /s 



An average fin temperature of Tfj n « 125°C has been assumed in evaluating properties and Ra L . 
According to Table 9.2, Eqs. 9.30 and 9.32 are appropriate. For the upper fin surface, Eq. 9.30, 

Nul =hL c /k = 0.54RaL 4 =0.54|5.595xl0 5 J 1M =14.77 



h upper =NuLk/L c = 14.77 x 0.030 W/m-K/0.05m = 8.86 W/m-K. 
For the lower fin surface, Eq. 9.32, 

Nul = h L/k = 0.27RaL 4 = 0.27 ^5.595 x 10 5 ^ = 7.384 

h~lower = Nu"l k/L = 7.384 x 0.030 W/m-K/0.05m = 4.43 w/ m 2 - K. 
The linearized radiation coefficient follows from Eq. 1 .9 

h r = so- (T fin + T sur )(rl n + T 2 ur J 

h r = 0.5 x 5.67 xlO" 8 w/m 2 ■ K 4 (398 + 298)^398 2 +298 2 |k 3 =4.88w/m 2 K 



Continued 
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PROBLEM 9.37 (Cont.) 

Hence, the average heat transfer coefficient for the fin is 

h = (h U pper + blower )/2 + h r = [(8.86 + 4.43) /2 + 4.88] w/m 2 K = 1 1 .53 w/m 2 • K 
Assuming the fin tip is adiabatic, from Eq. 3.76, 
q f = Mtanh(mL) 

M = (hPkA c ) 1/2 <9 b = |l 1.53 w/m 2 •Kx2/x57W/ / m-K |6xl0 _3 mx^jj 1/2 (150- 25)K = 352.1 W 

a/2 



-1 



m 



m = (hP/kA c ) 1/2 =|ll.53w/m 2 Kx2y57W/m-K(6xl0 3 mx^Jj =8.236 
mL = 8.236 m" 1 x 0.1m = 0.824 

qj: =q f /£ = 352.1 W/mx tanh (0.824) = 238 W/m. < 

To determine how sensitive the estimate for h is to the choice of the average fin surface temperature, the 
foregoing calculations were repeated using the IHT Correlations Tool and Extended Surface Model and 
the results are tabulated below; coefficients have units W/m 2 - K, 



Tfi„(°c) 


125 


135 


145 


^upper 


4.43 


4.54 


4.64 


Slower 


8.86 


9.08 


9.28 


h r 


4.88 


5.11 


5.35 


h 


11.5 


11.9 


12.3 


q'(W/m) 


238 


245 


252 




20 40 60 80 100 
Distance, x (mm) 



The temperature distribution for the Tf m = 125°C case is shown above. With Tf m = 145°C , the tip 

temperature is about 2 C higher. It appears that Tf m =125°C was a reasonable choice. Note Tf m 
is the value at the mid length. 

(b) Using the IHT code developed for part (a), the fin heat rate, q f , was plotted as a function of the 
emissivity. In this analysis, the convection and radiation coefficients were evaluated for an average fin 

temperature Tg n evaluated at L/2. On the same plot we have also shown rad (%) = (h r /h)xl00 , which 
is the portion of the total heat rate due to radiation exchange. 
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PROBLEM 9.38 



KNOWN: Width and thickness of sample material. Rate of heat dissipation at bottom surface of 
sample and temperatures of top and bottom surfaces. Temperature of quiescent air and surroundings. 



FIND: Thermal conductivity and emissivity of the sample. 
SCHEMATIC: 

yx~xy.y.y.xx>.xx. 

\ T = ?5°l 

1 sur ^° ^ w ^ 

\ / 



Sample, k - 

L = 25 mm ||| 

W = 250 mm 



3 C 
Prad 




ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in sample, (3) Quiescent air, (4) 
Sample is small relative to surroundings, (5) All of the heater power dissipation is transferred through 
the sample, (6) Constant properties. 

PROPERTIES: Table A-4, air(T f = 335.5K): v= 19.5 x 10" 6 m 2 /s, k = 0.0289 W/m-K, a =27.8 x 
10" 6 m 2 /s, Pr = 0.703, J3= 0.00298 K~\ 

ANALYSIS: The thermal conductivity is readily obtained by applying Fourier's law to the sample. 
Hence, with q = P e iec> 

Ppw/W 2 70W/(0.250m) 2 

k= , elec ' — = * ^- = 0.560W/m-K < 

(T 1 -T 2 )/L 50°C/ 0.025m 

The surface emissivity may be obtained by applying an energy balance to a control surface about the 
sample, in which case 



Pelec ~~ Iconv + Irad ~~ 



h(T 2 -T 00 ) + ^ T^-X 



.4 
l sur 



£ = 



Pelec/W 2 -h^-^) 



.4_ T 4 
l 2 sur 



With L = A s /P = W 2 /4W = W/4 = 0.0625m, Ra L = g/5(T 2 - T m ) L 3 / va = 9.86 x 10 5 and Eq. 9.30 yields 



- Nut k k neAn 1/4 0.0289W/m-K 
h = — = — 0.54 Rai' = 



L 



L 



0.54 9.86X10 3 =7.87W/m 2 -K < 
0.0625m I I 



Hence, 



70W/(0.250m) -7.87 W/m 2 -K(75°C) 
s = ^ '- K — x — ^ = 0.815 

5 .67 x 10" 8 W / m 2 • K 4 373 4 - 298 4 K 4 



COMMENTS: The uncertainty in the determination of £is strongly influenced by uncertainties 
associated with using Eq. 9.30. If, for example, h is overestimated by 10%, the actual value of s 
would be 0.905. 
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PROBLEM 9.39 

KNOWN: Diameter, power dissipation, emissivity and temperature of gage(s). Air temperature 
(Cases A and B) and temperature of surroundings (Case A). 

FIND: (a) Convection heat transfer coefficient (Case A), (b) Convection coefficient and temperature 
of surroundings (Case B). 

SCHEMATIC: 



T sur = 27°C 



T = 67°C 
s = 0.8 



/ 



q= 10.8 W 



K D = 0.160 m * 



S Tsur 



q! = 9.70W 

T = 77°C x \ 
£ ,=ns V 



0.8 X. 

m 



q 2 = 5.67 W 
/ / T = 77 



D = 0.160 m * 



E 2 = 0.1 



ASSUMPTIONS: (1) Steady-state, (2) Quiescent air, (3) Net radiation exchange from surface of 
gage approximates that of a small surface in large surroundings, (4) All of the electrical power is 
dissipated by convection and radiation heat transfer from the surface(s) of the gage, (5) Negligible 
thickness of strip separating semi-circular disks of Part B, (6) Constant properties. 

PROPERTIES: Table A-4, air (T £ j= 320K): v= 17.9 x 10" 6 m 2 /s, a = 25.5 x 10" 6 m 2 /s, k = 0.0278 
W/m-K, Pr = 0.704, /?= 0.00313 K~ . 

ANALYSIS: (a) With q = q conv + q rad = P elec and A s = ttD 2 /4 = 0.0201 m 2 , 



(t 4 -t 4 ) 

\ sur / 



10.8 W- 0.8x5.67x10 8 \V/m 2 ■ K 4 x 0.0201m 2 ^340 4 - 300 4 j K 4 



A s( T - T oo) 



= 7.46 W / m 



2 -K < 



0.0201m 2 (40 K) 



With L = A s /P=D/4=0.04 m and Ra L = g/?(T - T OD )L 3 /va= 1.72 x 10 5 , Eq. 9.30 yields 



0.0278 W / m • K x 0.54 1 .72 x 10 



1/4 



= 7.64 W/m K 



— k 1/4 

h =-0.54Ra{' = 

L 0.04m 

Agreement between the two values of h is well within the uncertainty of the measurements. 

(b) Since the semi-circular disks have the same temperature, each is characterized by the same 
convection coefficient and q con v,l = qconv,2- Hence, with 

P elec,l = qconv,l + £ 1 a { A s I 2 )( t4 _T sur) 



P elec,2 = q C onv,2 + £ 2 ° ( A s / 2) ^T 4 - T S u r j 



(1) 
(2) 



4 P elec,l P elec,2 
( £l - £2 )a(A s /2) 



1/4 



(350) 4 



4.03 W 



0.7x5.67x10 8 W/m 2 -K 4 x0.01m 2 



1/4 



T sm .=264K 



From Eq. (1), the convection coefficient is then 

_ P elec, 1 ~ e l ^(^s /2)|t -T sur j 9.70W -4.60W 



(A s /2)(T- Tqo ) 
With Ra L = 2.58 x 10 5 , Eq. 9.30 yields 



(O.Olx 60)m 2 • K 



= 8.49 W/m -K 



h = — 0.054 Rai 
L L 



1/4 0.0278W/m-K / 5 



0.54 2.58x10- 



1/4 



; 8.46 W/m • K 



0.04m 

Again, agreement between the two values of h is well within the experimental uncertainty of the 
measurements. 

COMMENTS: Because the semi-circular disks are at the same temperature, the characteristic length 
corresponds to that of the circular disk, L = D/4. 
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PROBLEM 9.40 



KNOWN: Horizontal, circular grill of 0.2m diameter with emissivity 0.9 is maintained at a uniform 
surface temperature of 130°C when ambient air and surroundings are at 24°C. 

FIND: Electrical power required to maintain grill at prescribed surface temperature. 

SCHEMATIC: 



Ts=I30°C t e=0.9 




ASSUMPTIONS: (1) Room air is quiescent, (2) Surroundings are large compared to grill surface. 

PROPERTIES: Table A-4, Air (T f = (T^ + T s )/2 = (24 + 130)°C/2 = 350K, 1 atm): 
v = 20.92 xlO" 6 m 2 /s, k = 0.030 W/m-K, a = 29.9 x 10" 6 m 2 /s, p = 1/T f . 

ANALYSIS: The heat loss from the grill is due to free convection with the ambient air and to 
radiation exchange with the surroundings. 



q = A s 



h (T s - ) + ea I T s 4 - T s 4 ur 



(1) 



Calculate RaL from Eq. 9.25, 

Ra L = g0(T s -Too)l£/va 

2 

where for a horizontal disc from Eq. 9.29, L c = A s /P = (nD /4)/nD = D/4. Substituting numerical 
values, find 

9.8m/s 2 (l/350K)(l30-24)K(0.25m/4) 3 fi 
Ra L = i 1 V )_ = L 15g x 1Q o 

20.92x10 6 m 2 /sx29.9xl0 6 m 2 /s 
Since the grill is an upper surface heated, Eq. 9.30 is the appropriate correlation, 

Nu L =h L L c /k = 0.54Raj^ /4 =0.54[l.l58xl0 6 ) 1/4 =17.72 



h L = Nu L k / L c = 17.72 x 0.030 W/m-K / (0.25m / 4) = 8.50 W / m 1 • K 
Substituting from Eq. (2) for h into Eq. (1), the heat loss or required electrical power, q e i e c> is 



(2) 



q = — (0.25mV 
4 



W 



-8 W 



8.50 (130 - 24) K + 0.9 x 5.67 x 10 s - f(l30 + 273) 4 - (24 + 273) 4 j K 4 



2 v 
m • K 



2 „4 
m ■ K 



q = 44.2W + 46.0W=90.2W. < 

COMMENTS: Note that for this situation, free convection and radiation modes are of equal 
importance. If the grill were highly polished such that s « 0. 1 , the required power would be reduced 
by nearly 50%. 
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PROBLEM 9.41 



KNOWN: Power dissipation by a laptop computer CPU. Dimensions and emissivity of the 
laptop screen assembly. Thickness and thermal conductivity of plastic casing as well as thermal 
contact resistance between heat spreader and plastic casing. Temperature of the surroundings and 
of the ambient. 



FIND: Temperature of the heat spreader and magnitudes of convection, radiation, conduction 
and contact resistances. 




ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Large surroundings, 
(3) Isothermal heat spreader, (4) Laptop screen can be treated as a suspended plate. 

PROPERTIES: Table A.4, air: (T f = 310 K assumed): k = 0.02704 W/m-K, v = 1.690 x 10" 5 
m 2 /s, a = 2.398 x 10" 5 m 2 /s, Pr = 0.7056. 

ANALYSIS: An energy balance on the control surface shown in the schematic yields 



P - Qconv + Irad 



Lw 



h(T s -T o0 ) + ^(T s 4 -T s 4 ur ) 



or 



15W = 0.275m x 0.175m 



h (T s - 298K) + 0.85 x 5.67 x 10~ 8 W/m 2 • K 4 ) (t 4 - (298 4 )K 4 ) 



(1) 



The convection coefficient can be found by using the Churchill and Chu correlation with g 
replaced by gcosft Hence, 



Ra, 



_g(cosfl)/?(T s -T 00 )L 3 



v-a 



Continued. 
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PROBLEM 9.41 (Cont.) 



Ra L = 



and 



9.8m/s 2 x cos 30° x (1/310K) x (T s - 298K) x (0.175m)- 
1 .690 x 1(T 5 m 2 / s x 2.398 x 10~ 5 m 2 / s 



- 0.02704W/m-K 

h = x <; 

0.175m 



0.825 + ■ 



0.387 xRa[ /6 



[l + (0.492/0.7056) 9/16 ] 
Simultaneous solution of Equations 1 through 3 yields 



Ra L = 1.048 x 10 7 , Nu L = 31.6,h = 4.89W/m 2 • K,T S = 325.2K = 52.2°C 



The temperature of the heat spreader is 
P 



Ths - T s + 



Lw 



T hs = 52.2°C + 



R't c + t/kj or 
15W 



0.175m x 0.275m 



„ ,^m 2 .K 3xl0" 3 m 
2x10 + - 



W 0.21W/m-K 



56.7°C 



Knowing A = Lw = 0.275 mx 0.175 m = 4.81xl0" 3 m 2 , the convection resistance is 



R =J- = 

^t.conv 7~ . 



hA 4.89W/m 2 -Kx4.81xl0" 3 m 2 



= 4.30K/W 



(2) 



(3) 



The radiation resistance, using 

h r =^(T s +T sur )(T 2 +T 2 ur ) 

= 0.85 x 5.67 x 10~ 8 (W/m 2 • K 4 ) x (325.2K + 298K) x (325.2 2 + 298 2 )K 2 = 5.84W/m 2 • K 



is 



1 



1 





t,rad h r A 5.84W/m 2 -Kx4.81xl0" 3 m 2 

The conduction resistance is 



3.56K/W 



R 



t 



3xl0~ 3 m 



t,cond 



kA 0.21W/m-Kx4.81xlO _3 m 2 



:0.30K/W 



Continued.. 
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PROBLEM 9.41 (Cont.) 



The contact resistance is 



R^xicrV ■K/w =42xl0 _3 K/w 

A 4.81xl(T 3 m 2 



COMMENTS: (1) The actual film temperature is T f = (23°C + 52.2°C)/2 = 37.6°C = 310.6 K. 
The assumed value of the film temperature is excellent. (2) The convection and radiation 
resistances are large. The radiation resistance cannot be reduced significantly since the emissivity 
of the plastic is high. The convection resistance would vary as the laptop screen angle is changed. 
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PROBLEM 9.42 

KNOWN: Material properties, inner surface temperature and dimensions of roof of refrigerated truck 
compartment. Solar irradiation and ambient temperature. 

FIND: Outer surface temperature of roof and rate of heat transfer to compartment. 
SCHEMATIC: 

q's = 750 W/m 2 q C onv E r- T s 0 , 8 = a s = 0.5 

\ \ t / W = 35m 

Too=32°C _ I _ _ _ _ /_ J_ _ 1 c 

. ti = 5 mm 

Urethane foam I I - ^ \ f 

kj = 0.026 W/m-K > qcond , i * " 50 mm 




5 mm 



Aluminum alloy 7 ' tr- 

k p = 180 W/m-K T sJ = -10°C^ 



otsqs \^ t Si0 t sJ 

— ^ Clcond 

qconv / tl /k P *2/ki t-i/kp 

ASSUMPTIONS: (1) Negligible iiTadiation from the sky, (2) T s>0 > Too (hot surface facing upward) 

7 

and RaL > 10 , (3) Constant properties. 

PROPERTIES: Table A-4, air (p = 1 atm, T f * 310K): v= 16.9 x 10" 6 m 2 /s, k = 0.0270 W/m-K, Pr 
= 0.706, a= v/Pr = 23.9 x 10" 6 m 2 /s, fi= 0.00323 K" 1 . 

ANALYSIS: From an energy balance for the outer surface, 

T -T • 

s,o S,l 



"S G S ~~ qconv ~ E - qcond 



R tot 



T — T 

— / \ 4 s,o s 

«S G S " h ( T s,o " T oo j " scj\ 0 



2Rp + R- 



where R p =(t 1 /k p \ = 2.78x10 5 m 2 K/W and R- = (t 2 /k; ) = 1.923m 2 • K/W. For a hot surface 

I \ 3 7 — 

facing upward and Ra L = g/?( T s 0 -T^ JL /av > 10 , h is obtained from Eq. 9.31. Hence, with 

cancellation of L, 



h = — 0.15 Ra 1 / 3 =0.15x0.0270 W/m-K 
L 



f 2 -1 V /3 

9.8 m/sx 0.00323 K 

v 16.9x23.9xl0 _12 m 4 /s 2 y 



1/3 



= 1.73W/m 2 -K 4/3 (t s o -305K) 173 
Hence, 

T - 263 K 



/ 2 \ 2 4/3/ \4/3 

0.5l 750W/m -Kl-1.73W/m K (,T so -305j - 0.5 > 



-8 2 4 4 

5.67 x 10 W / m ■ K T 



^5.56x10 5 + 1.923 jm 2 K/W 

Solving, we obtain T s o = 318.3K = 45.3°C < 

(45 3 + 10)°C 

Hence, the heat load is q = (W • L t )q con d = (3.5mx 10m) r-^ = 1007W < 

1.923m -K/W 

COMMENTS: (1) The thermal resistance of the aluminum panels is negligible compared to that of 
the insulation. (2) The value of the convection coefficient is h = 1.73(t s 0 -T^) 1 ^ 3 = 4.10 W/m 2 • K. 
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PROBLEM 9.43 



KNOWN: Inner surface temperature and composition of a furnace roof. Emissivity of outer surface and 
temperature of surroundings. 

FIND: (a) Heat loss through roof with no insulation, (b) Heat loss with insulation and inner surface 
temperature of insulation, and (c) Thickness of fire clay brick which would reduce the insulation 
temperature, T inSji , to 1350 K. 

Roof (4m x 4m) 

- L 3 = 0.005m 



L 2 = 0.02m 




Alumina silica (64kg / m 2 ) 
Fireclay brick 



— Z_i = 0.08m 



T SI = 1700K 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through the composite 
wall, (3) Negligible contact resistance, (4) Constant properties. 

PROPERTIES: Table A-4, Air (T f * 400 K, 1 atm): k = 0.0338 W/m-K, v = 26.4 x 10" 6 m 2 /s, a = 38.3 
x 10" 6 m 2 /s, Pr = 0.69, |3 = (400 K)" 1 = 0.0025 K" 1 ; Table A-l, Steel 1010 (600 K): k = 48.8 W/m-K; 
Table A-3 Alumina-Silica blanket (64 kg/m 3 , 750 K): k = 0. 125 W/m-K; Table A-3, Fire clay brick (1478 
K): k= 1.8 W/m-K. 



ANALYSIS: (a) Without the insulation, the thermal circuit is 



R rad 



Qcond 



1 IhA 



L-\lk^A L^lk^A 

Performing an energy balance at the outer surface, it follows that 

T ■ -T 
A s,i x s,o 



hA(T S!0 -T 00 ) + ^ CT A T s 4 0 -T s 4 ur (1,2) 



Qcond ~~ ^conv + %ad T , . T , . v ...^ , , 

L 1 /k 1 A + L3/k 3 A v 1 \ 

where the radiation term is evaluated from Eq. 1.7. The characteristic length associated with free 

convection from the roof is, from Eq. 9.29 L = A s /P = 16m^/l6 m = 1 m . From Eq. 9.25, with an 

assumed value for the film temperature, T f = 400 K, 

g/? (t Sj0 " ^ ) L 3 9 " 8 m / s2 (°- 0025 K_1 ) ( T s,o " Too ) (1 m) 3 



Ra T =■ 



va 



Hence, from Eq. 9.31 

h -iaishj?- 00338 W/mK| 

L lm 



26.4x10 6 m 2 /sx 38.3x10 6 m 2 /s 



1/3 i ^ 

0.15(2.42xl0 7 ) (V-T^) =1.47(T s>o -T 0O ) 1/3 W/m 2 -K.(3) 



■ = 2.42 xl0 7 (T SiO - Too) 



Continued... 
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PROBLEM 9.43 (Cont.) 

The energy balance can now be written 

(l700-T S!O )K 



(0.08m/l .8 W/m • K + 0.005m/48 .8 W/m • K) 



= 1.47 (T s>0 - 298 K) 



4/3 



+0.3x5.67x10 °W/m^-K 



T S 4 0 -(298K) 4 



and from iteration, find T s 0 « 895 K. Hence, 

q = 16m 2 J 1.47 (895 - 298) 4/3 w/ m 2 + 0.3 x 5.67 x 10" 8 w/ m 2 • K 4 (895 K) 4 - (298 K) 4 



q = 16m 2 {7,389 + 10,780} W/m 2 = 2.91xl0 5 W. < 
(b) With the insulation, an additional conduction resistance is provided and the energy balance at the 



outer surface becomes 



T • -T 
A s,i A s,o 



L 1 /k 1 A + L 2 /k 2 A + L3/k 3 A 
(l700-T S;O )K 



= hA ( T s,o " T oo ) + «?-A (t 4 0 - T s 4 ur J 



(4) 



(0.08m/l.8 + 0.02/0. 125 + 0.005/48.8) m 2 • K/W 



1.47(T Sj0 -298K) 



4/3 



+0.3x5.67x10 ° W/m 2 -K 4 



T S 4 0 -(298K) 4 



From an iterative solution, it follows that T s 0 « 610 K. Hence, 



q = 16m 2 |l.47(610-298) 4/3 w/m 2 + 0.3x5.67x10 8 w/m 2 -K 4 (610K) 4 -(298K) 4 j 



q = 16m 2 {3111 + 2221} W/ m 2 = 8.53 x 10 4 W . 
The insulation inner surface temperature is given by 
T • - T • 



Lj/kjA 



Hence 



nns,i 



-q — — + T< 



kiA 



s,i 



-8.53 x l(f W- 



0.08 m 



1.8W/m-Kxl6nT 



■ + 1700K = 1463K 



(c) To determine the required thickness L, of the fire clay brick to reduce T ins i = 1350 K, we keyed Eq. 
(4) into the IHT Workspace and found 

U = 0.13 m. < 

COMMENTS: (1) The accuracy of the calculations could be improved by re-evaluating thermophysical 
properties at more appropriate temperatures. 

(2) Convection and radiation heat losses from the roof are comparable. The relative contribution of 
radiation increases with increasing T s>0 , and hence decreases with the addition of insulation. 

(3) Note that with the insulation, T ins i = 1463 K exceeds the melting point of aluminum (933 K). Hence, 
molten aluminum, which can seep through the refractory, would penetrate, and thereby degrade the 
insulation, under the specified conditions. 
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PROBLEM 9.44 

KNOWN: Dimensions and emissivity of top surface of amplifier. Temperature of ambient air and large 
surroundings. 

FIND: Effect of surface temperature on convection, radiation and total heat transfer from the surface. 
SCHEMATIC: 



T = 298 K V Q u i escer| t a i f 
T = 298 K 

OO 

Qrad k Qconv * /50^7 S Z75°C 

e = 0.8 




L = 0.5 m 



ASSUMPTIONS: (1) Steady-state, (2) Quiescent air. 

PROPERTIES: Table A.4, air (Obtained from Properties Tool Pad of IHT). 
ANALYSIS: The total heat rate from the surface is q = q con v + q ra d- Hence, 

.4 



q = hA s (T s -T 00 ) + ^A s T s 4 -X 



L sur 



where A s = L = 0.25 m . Using the Correlations and Properties Tool Pads of IHT to evaluate the 
average convection coefficient for the upper surface of a heated, horizontal plate, the following results are 
obtained. 



160 
140 - 
120 
100 

80 - 

60 



40 - 



20 



50 55 60 65 70 

Surface temperature, Ts(C) 

o Total heat rate, q 

Convection heat rate, qconv 

Radiation heat rate, qrad 



75 



Over the prescribed temperature range, the radiation and convection heat rates are virtually identical and 
the heat rate increases from approximately 66 to 153 W. 



COMMENTS: A surface temperature above 50°C would be excessive and would accelerate electronic 
failure mechanisms. If operation involves large power dissipation (> 100 W), the receiver should be 
vented. 
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PROBLEM 9.45 

KNOWN: Diameter, thickness, emissivity and initial temperature of silicon wafer. Temperature of 
air and surrounding. 

FIND: (a) Initial cooling rate, (b) Time required to achieve prescribed final temperature. 
SCHEMATIC: 



T sur = 298 K 




* f n " / — Silicon wafer 

C ---\ -J—/- T.J, i T| = 598 K,T f =323 K 

L 

. y 1 \ . Ts = 1 

cnv.b f -H q r ad 



D = 150 mm, e = 0.65 
mm 



ASSUMPTIONS: (1) Negligible heat transfer from side of wafer, (2) Large surroundings, (3) Wafer 
may be treated as a lumped capacitance, (4) Constant properties, (5) Quiescent air. 

PROPERTIES: Table A-l, Silicon (f = 187°C = 460K): p= 2330 kg/m 3 , c p = 813 J/kg-K, k = 87.8 
W/m-K. Table A-4, Air (T f)i = 175°C = 448K): v= 32.15 x 10" 6 m 2 /s, k = 0.0372 W/m-K, a =46.8 x 
10" 6 m 2 /s, Pr = 0.686, fi= 0.00223 K" 1 . 

SOLUTION: (a) Heat transfer is by natural convection and net radiation exchange from top and 

2 2 

bottom surfaces. Hence, with A s = nD /4 = 0.0177 m , 



q = A s 



(h t +h b )(T i -T 00 ) + 2^(T 4 -T s 4 ur ) 



where the radiation flux is obtained from Eq. 1.7, and with L = A s /P = 0.0375m and RaL = g/3 (Tj - 

3 5 

Too) L lav- 2.30 x 10 , the convection coefficients are obtained from Eqs. 9.30 and 9.32. Hence, 



L 



0.54Ra 



l/4\_ 0.0372W/m-Kxll.8 
0.0375m 



= 11.7W/m z K 



h b - * (o.27 Ra'' 4 ) - ft ° 372W/m - Kx5 - 9 - 5.9 W/m 2 . K 
L\ L / 0.0375m 



q = 0.0177 m 



(l 1 .7 + 5.9) W / m 2 ■ K (300K) + 2 x 0.65 x 5.67 x 10 8 W / m 2 • K 4 ^598 4 - 298 4 j K 4 



q = 0.0177 m z 



(5280 + 8845)W/m" 



250 W 



(b) From the generalized lumped capacitance model, Eq. 5.15, 
,dT 



pcA s S 



dt 



fT rt 

l T] dT = -lo 



(h t +h b )(T-T 00 ) + 2^(T 4 -T s 4 ur ) 
(h t + h b ) (T - ^ ) + 2^a(T 4 - T s 4 ur ) 



pcS 



dt 



Continued 
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PROBLEM 9.45 (Cont.) 

Using the DER function of IHT to perform the integration, thereby accounting for variations in h t and 
h b with T, the time tf to reach a wafer temperature of 50°C is found to be 

t f (T = 320K) = 181s < 




As shown above, the rate at which the wafer temperature decays with increasing time decreases due to 
reductions in the convection and radiation heat fluxes. Initially, the surface radiative flux (top or 
bottom) exceeds the heat flux due to natural convection from the top surface, which is twice the flux 
due to natural convection from the bottom surface. However, because q^ ad and q£. nv decay 
4 5/4 

approximately as T and T , respectively, the reduction in q^ ad with decreasing T is more 
pronounced, and at t = 181s, qj! ad is well below q^ nv t and only slightly larger than q^ nv b . 

COMMENTS: With h r ; = so (l- + T sur ) (if + T s 2 ur J = 14.7 W / m 2 ■ K, the largest cumulative 

coefficient of h tot = h r i + h t i = 26 AW I m 2 • K corresponds to the top surface. If this coefficient is 

used to estimate a Biot number, it follows that Bi = h tot (<J / 2)/k = 1.5 x 10 4 «1 and the lumped 
capacitance approximation is excellent. 
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PROBLEM 9.46 



KNOWN: Pyrex tile, initially at a uniform temperature Ti = 140°C, experiences cooling by convection 
with ambient air and radiation exchange with surroundings. 

FIND: (a) Time required for tile to reach the safe-to-touch temperature of T f = 40°C with free 
convection and radiation exchange; use T = (Tj + T f )/2 to estimate the average free convection and 

linearized radiation coefficients; comment on how sensitive result is to this estimate, and (b) Time-to- 
cool if ambient air is blown in parallel flow over the tile with a velocity of 10 m/s. 

SCHEMATIC: 



T S ur- 25 °C 




Tile, T s (t), 7" s (0) = Tj = 140 °C, e = 0.80 
200 x 200 x 10 mm, Pyrex 



ASSUMPTIONS: (1) Tile behaves as spacewise isothermal object, (2) Backside of tile is perfectly 
insulated, (3) Surroundings are large compared to the tile, (4) For forced convection situation, part (b), 
assume flow is fully turbulent. 

PROPERTIES: Table A3, Pyrex (300 K): p = 2225 kg/m 3 , c p = 835 J/kg-K, k = 1.4 W/m-K, 8 = 0.80 
(given); Table A.4, Air (T f = (f s +T aD )/2 = 330.5 K, 1 atm) : v = 18.96 x 10" 6 m 2 /s, k = 0.0286 W/m-K, a = 

27.01 x 10" 6 m 2 /s, Pr = 0.7027, [3 = 1/T f . 

ANALYSIS: (a) For the lumped capacitance system with a constant coefficient, from Eq. 5.6, 
TsW-T^ 



T -T 



: exp 



pVc 



where h is the combined coefficient for the convection and radiation processes, 
h = h cv + h rad 

and A s = L 2 V = L 2 d 

The linearized radiation coefficient based upon the average temperature, T s , is 
T s = (Tj + T f )/2 = (140 + 40)° C/2 = 90° C = 363 K 
hrad = «r(T g + T sur ) (t 2 + T s " 



.2 
L sur 



(1) 

(2) 
(3,4) 

(5) 
(6) 



h rad =0.8x5.67x10 W/ m -K (363 + 298) 363 +298 K = 6.61 W/m -K 



The free convection coefficient can be estimated from the correlation for the flat plate, Eq. 9.30, with 



Ra T = 



g/JATL 



va 



L = A s / P = L74L = 0.25L 



(7,8) 
Continued. 
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PROBLEM 9.46 (Cont.) 



Ra T 



9.8 m/s 2 (1/330 K) (363 - 298) K (0.25 x 0.200 m) 3 
18.96 x 10" 6 m 2 /s x 27.01 x 10" 6 m 2 /s 



: 4.712x10" 



vl/4 



Nu L =0.54RaJ^ 4 = 0.54(4.712 x 10 5 V' =14.18 

h cv = Nu L k/L = 14. 1 8 x 0.0286 w/m K /0.25 x 0.200 m = 8.09 w/m 2 K 
From Eq. (2), it follows 

h = (6.61 + 8.09) w/ m 2 K = 14.7 w/ m 2 K 
From Eq. (1), with A/V = 1/d, where d is the tile thickness, the time-to-cool is found as 



40-25 
140-25 



= exp 



14.7 W/m -Kxt f 



2225 kg/m 3 x 0.010 mx 835 j/kg-K 



t f = 2574s = 42.9 min V 

Using the IHT Lumped Capacitance Model with the Correlations Tool, Free Convection, Flat Plate, we 
can perform the analysis where both h cv and h rad are evaluated as a function of the tile temperature. The 
time-to-cool is 

t f = 2860s = 47.7 min < 
which is 10% higher than the approximate value. 

(b) Considering parallel flow with a velocity, = 10 m/s over the tile, the Reynolds number is 



Re T 



u^L lOm/sx 0.200m 
v 18.96 xl0~ 6 m 2 /s 



1.055 x 10" 



but, assuming the flow is turbulent at the upstream edge, use Eq. 7.38 with A = 0 to estimate h cv , 
Nu L = 0.037 Rej^ 5 Pr 1 / 3 = 0.037^.055 x 10 5 (0.7027 )*/ 3 = 343.3 

h cv = Nu L k/L = 343.3 x 0.0286 W/m • K/0.200m = 49.1 w/ m 2 K 
Hence, using Eqs. (2) and (1), find 

t f = 661s = 11.0 min 



h =57.2 W/m K 



COMMENTS: (1) For the conditions of part (a), 
Bi = hd/k= 14.7 W/m 2 K x 0.01m / 1.4 W/m-K = 
0.105. We conclude that the lumped capacitance 
analysis is marginally applicable. For the 
condition of part (b), Bi = 0.4 and, hence, we need 
to consider spatial effects as explained in Section 
5.4. If we considered spatial effects, would our 
estimates for the time-to-cool be greater or less 
than those from the foregoing analysis? 

(2) For the conditions of part (a), the convection 
and radiation coefficients are shown in the plot 
below as a function of cooling time. Can you use 
this information to explain the relative magnitudes 
of the t f estimates? 



E 




1000 



2000 



3000 



Elapsed cooling time, t (s) 

Average coefficient, part (a) 
Variable coefficient, hcv + hrad, part (b) 
Convection coefficient, hcv 
Radiation coefficient, hrad 
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PROBLEM 9.47 



KNOWN: Stacked IC boards within a duct dissipating 500 W with prescribed air flow inlet 
temperature, flow rate, and internal convection coefficient. Outer surface has emissivity of 0.5 and is 
exposed to ambient air and large surroundings at 25°C. 

FIND: Develop a model to estimate outlet temperature of the air, T mo , and the average surface 
temperature of the duct, T s , following these steps: (a) Estimate the average free convection for the 

outer surface, h G , assuming an average surface temperature of 37°C; (b) Estimate the average 

(linearized) radiation coefficient for the outer surface, h ra( j , assuming an average surface temperature 

of 37°C; (c) Perform an overall energy balance on the duct considering (i) advection of the air flow, 
(ii) dissipation of electrical power in the ICs, and (iii) heat transfer from the fluid to the ambient air 
and surroundings. Express the last process in terms of thermal resistances between the mean fluid 

temperature, T m , and the outer temperatures and T sur ; (d) Substituting numerical values into the 

expression of part (c), calculate T m 0 and T s ; comment on your results and the assumptions required 

to develop your model. 



SCHEMATIC: 




:0.5 



Air 

Tmj = 25°C 
¥=1.2 m 3 /mii 



!L_ 

L> x ^ — Square duct, H = w = 150 mm \ 



I 



Pelec = 500 W |_ = 0.5 m 



ASSUMPTIONS: (1) Steady-state conditions, (2) Air in duct is ideal gas with negligible viscous 
dissipation and pressure variation, (3) Constant properties, (4) Power dissipated in IC boards nearly 
uniform in longitudinal direction, (5) Ambient air is quiescent, and (5) Surroundings are isothermal 
and large relative to the duct. 

PROPERTIES: Table A-4, Air (T f = ( T s + Too)/2 = 304 K): v = 1.629 x 10" 5 m 2 /s, a = 2.309 x 
10" 5 m 2 /s, k = 0.0266 W/m-K, p = 0.003289 K \ Pr = 0.706, p = 1.148 kg/m 3 , c p = 1007 J/kg-K. 



ANALYSIS: (a) Average, free-convection coefficient over the duct. Heat loss by free convection 
occurs on the vertical sides and horizontal top and bottom. The methodology for estimating the 
average coefficient assuming the average duct surface temperature T s = 37°C follows that of Example 
9.3. For the vertical sides, from Eq. 9.25 with L = H, find 

r 3 



Ra T = 



g/^Ts-T^H-" 



va 



9.8 m/s 2 x 0.003289 K 1 (37-25)Kx(0.150 m) 3 6 
Ra L = 1 ' ^_ >_ = 3.47 x io b 



1.629x10 5 m 2 /sx2.309xl0 5 m 2 /s 



The free convection is laminar, and from Eq. 9.27, 

.1/4 



Nu L =0.68 + 



0.670 Ra 



1 + (0.492 /Pr) 



9/16 



4/9 



Continued. 
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PROBLEM 9.47 (Cont.) 

7- H 0.670x 3.47xlO b 
Nu T = ^- = 0.68 + - * ^^- = 22.9 

l + (0.492/0.706) 9/16 



h v =4.05 W/m 2 -K 



For the top and bottom surfaces, L c = (A s /P) = (w x L)/(2w + 2L) = 0.0577 m, hence, Ra L = 1.974 x 
10 5 and with Eqs. 9.30 and 9.32, respectively, 

Topsurface: Nu~ L = = 0.54 Ra^ 4 ; h t = 5.25 W/m 2 • K 

Bottom surface: Nu~ L = = 0.27 Ra^ 4 ; h b = 2.62 W/m 2 • K 

The average coefficient for the entire duct is 

h cvo =(2h v +h t +h b )/ 4 = (2x4.05 + 5.25 + 2.62) W/m 2 - K/ 4 = 3.99 W/m 2 -K < 

(b) Average (linearized) radiation coefficient over the duct. Heat loss by radiation exchange between 
the duct outer surface and the surroundings on the vertical sides and horizontal top and bottom. With 

T s = 37°C, from Eq. 1.9, 

h ra d =£&(%+ T sur ) (t 2 + T s 2 r j 

h rad =0.5x5.67xl0" 8 W/m 2 -K 4 (310 + 298)(310 2 + 298 2 jK 3 =3.2 W/m 2 -K < 

(c) Overall energy balance on the fluid in the duct. The control volume is shown in the schematic 
below and the energy balance is 

Ein — E OU ( + Eg en = 0 

-q a dv+ P elec-qout =° (!) 
The advection term has the form, with m = \/p, 

qadv=mc p (T mo -T m)i ) (2) 

and the heat rate q out is represented by the thermal circuit shown below and has the form, with T sur = 

T -T 

q out = m 00 -r o) 

R cv,i + i 1 1 R cv,o + 1 / R rad ) 
where T m is the average mean temperature of the fluid, (T m> i + T m o )/2. The thermal resistances are 
evaluated with A s = 2(w + H) L as 

R CV)i =l/hiA s (4) 

R cv,o = l/^cv o A s (5) 

R rad =l/h rad A s (6) 

Continued 
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PROBLEM 9.47 (Cont.) 



Using this energy balance, the outlet temperature of the air can be calculated. From the thermal 
circuit, the average surface temperature can be calculated from the relation 

qout = (T m ~ T s ) / R cv,i 

qcv.o ^ t ^rad 



T s 



V >-> 1 *■ f- > 

j : 

\ 




p 

r elec 

(d) Calculating T m o and T s . Substituting numerical values into the expressions of Part (c), find 

T m>0 =45.7°C f s =34.0°C < 

The heat rates and thermal resistance results are 

q adv =480.5 W q out =19.5W 

R cv i =0.0667 K/W R cvo =0.835 K/W R rad =1.05K/W 

COMMENTS: (1) We assumed T s = 37°C for estimating h cv 0 and h ra( j, whereas from the energy 
balance we found the value was 34.0°C. Performing an interative solution, with different assumed T s 
we would find that the results are not sensitive to the T s value, and that the foregoing results are 
satisfactory. 

(2) From the results of Part (d) for the heat rates, note that about 4% of the electrical power is 
transferred from the duct outer surface. The present arrangement does not provide a practical means to 
cool the IC boards. 

(3) Note that T m i < T s < T m o . As such, we can't utilize the usual log-mean temperature (LMTD) 
expression, Eq. 8.44, in the rate equation for the internal flow analysis. It is for this reason we used 
the overall coefficient approach representing the heat transfer by the thermal circuit. The average 
surface temperature of the duct, T s is only used for the purposes of estimating h cv 0 and h ra( j . We 

represented the effective temperature difference between the fluid and the ambient/surroundings as 
T m - Tqo- Because the fluid temperature rise is not very large, this assumption is a reasonable one. 
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PROBLEM 9.48 



KNOWN: Parallel flow of air over a highly polished aluminum plate flat plate maintained at a uniform 
temperature T s = 47 °C by a series of segmented heaters. 

FIND: (a) Electrical power required to maintain the heater segment covering the section between Xj = 0.2 
m and x 2 = 0.3m and (b) Temperature that the surface would reach if the air blower malfunctions and heat 
transfer occurs by free, rather than forced, convection. 



SCHEMATIC: 



Heater segment, T s = 47°C 



Too = 23 °C 



Uoo = 10 m/s 




l 7 x 2 

ASSUMPTIONS : (1) Steady-state conditions, (2) Backside of plate is perfectly insulated, (3) Flow is 
turbulent over the entire length of plate, part (a), (4) Ambient air is extensive, quiescent at 23°C for part 
(b). 

PROPERTIES: Table A.4, Air (T f = (T s + TJ/2 = 308K): u = 16.69 x 10" 6 m 2 /s, k = 0.02689 W/m-K, 
a = 23.68 x 10" 6 m 2 /s, Pr = 0.7059, P=l/T f ; Table A. 12, Aluminum, highly polished: s = 0.03. 

ANALYSIS: (a) The power required to maintain the segmented heater (xi - x 2 ) is 

P e=h x l-x2( x 2- x l)w(T s -T 00 ) (1) 

where h x i_ x2 is the average coefficient for the section between xi and x 2 , and can be approximated as 
the average of the local values at Xi and x 2 , 

h x l-x2=(h(xi) + h(x 2 ))/2 (2) 

Using Eq. 7.37 appropriate for fully turbulent flow, with Re x = u^x /k, 



Nu x i = 0.0296Re x /5 Pr 1/3 



Nu xl = 0.0296 



10m/sx0.2m 
16.69xl0" 6 m 2 /s 



x 4/5 



(0.7059) 173 =304.6 



h x i =Nu x ik/xi = 304.6 x 0.02689 W/m-K/ 0.2m = 40.9 W/m-K 



Nu x2 =421.3 h x2 =37.8W/m -K 

Hence, from Eq (2) to obtain h x i_ x2 and Eq. (1) to obtain P e , 

h xl _ x2 = (40.9 + 37.8) w/ m 2 - K/2 = 39.4 w/ m 2 - K 

P e =39.4w/m 2 -K(0.3-0.2)mx0.2m(47-23)°C = 18.9W 



< 

Continued... 
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PROBLEM 9.48 (Cont.) 

(b) Without the airstream flow, the heater segment experiences free convection and radiation exchange 
with the surroundings, 



Pe = 



h cv( T s- T oo) + ^(T s 4 -T s 4 ur ) (x 2 -xi) 



w 



(3) 



We will assume that the free convection coefficient, h cv , for the segment is the same as that for the 
entire plate. Using the correlation for a flat plate, Eq. 9.30, with 



Ra L = 



g/?ATl4 



L - As 
J-c 



0.2x0.5m z 



va P 2(0.2 + 0.5)m 

and evaluating properties at T f = 308 K, 



= 0.0714 m 



9.8 m/s 2 (1/308K) (47 - 23) (0.07 14m) J < 
Ra L = '- y — — ^ / = 7.033 x 10 5 

16.69x10 6 m/s 2 x 23.68x10 6 m 2 /s 
Nul =0.54Ra 1 L /4 =0.54(7.033xl0 5 j 1//4 =15.64 



h cv = Nul k/ L c = 1 5.64 x 0.02689 W/m • K / 0.07 14m = 5.89 W/ nT ■ K 
Substituting numerical values into Eq. (3), 



18.9W : 



5.89 w/ m 2 K (T s - 296) + 0.03 x 5.67 x 10 8 w/m 2 K 4 ( 



4 4 
T s 4 - 296 4 



T s =447K = 174 C 



(0.3 - 0.2) mx 0.2m 
< 



COMMENTS: Recognize that in part (b), the assumed value for T f = 308 K is a poor approximation. 

Using the above relations in the IHT work space with the Properties Tool, find that T s = 406 K = 133 °C 

using the properly evaluated film temperature (T f ) and temperature difference (AT) in the correlation. 

- / 2 2 

From this analysis, h cv = 8.29 W/ m • K and h rad = 0.3 W/m -K. Because of the low emissivity of the 

plate, the radiation exchange process is not significant. 
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PROBLEM 9.49 



KNOWN: Correlation for estimating the average free convection coefficient for the exterior surface 
of a long horizontal rectangular cylinder (duct) exposed to a quiescent fluid. Consider a horizontal 
0.15 m-square duct with a surface temperature of 35°C passing through ambient air at 15°C. 

FIND: (a) Calculate the average convection coefficient and the heat rate per unit length using the H-D 
correlation, (b) Calculate the average convection coefficient and the heat rate per unit length 
considering the duct as formed by vertical plates (sides) and horizontal plates (top and bottom), and (c) 
Using an appropriate correlation, calculate the average convection coefficient and the heat rate per unit 
length for a duct of circular cross-section having a diameter equal to the wetted perimeter of the 
rectangular duct of part (a). Do you expect the estimates for parts (b) and (c) to be lower or higher 
than those obtained with the H-D correlation? Explain the differences, if any. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Ambient air is quiescent, (3) Duct surface has 
uniform temperature. 

PROPERTIES: Table A-4, air (T f = (T s + Too)/2 = 298 K, 1 atm): v = 1.571 x 10" 5 m 2 /s, k = 0.0261 
W/m-K, a = 2.22 x 10" 5 m 2 /s, Pr = 0.708. 

ANALYSIS: (a) The Hahn-Didion (H-D) correlation [ASHRAE Proceedings, Part 1, pp 262-67, 
1972] has the form 



Nu p =0.55 Rap 7 4 



H 



1/8 



J 



Ra p < 10 7 



where the characteristic length is the half-perimeter, p = (w + H), and w and H are the horizontal width 
and vertical height, respectively, of the duct. The thermophysical properties are evaluated at the film 
temperature. Using IHT, with the correlation and thermophysical properties, the following results 
were obtained. 



Ra P Nu p h p (w/m 2 .K) q P ( W/m ) 

5 .08 xlO 7 42.6 3.71 44.5 



where the heat rate per unit length of the duct is 
q^hplfH + w)^-^). 

(b) Treating the duct as a combination of horizontal (top: hot-side up and bottom: hot-side down) and 
two vertical plates (v) as considered in Example 9.3, the following results were obtained 

\ \ K Hv qhv 

(W/m 2 -K) (W/m 2 K) (W/m 2 -K) (W/m 2 -K) ( w/m ) 

5.62 2.81 4.78 4.50 54.0 < 

Continued 
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PROBLEM 9.49 (Cont.) 



where the average coefficient and heat rate per unit length for the horizontal-vertical plate duct are 
hhv =(ht + h b + 2h v )/4 
qhv =hh v 2(H + w)(T s -T 00 ). 

(c) Consider a circular duct having a wetted perimeter equal to that of the rectangular duct, for which 
the diameter is 

;rD = 2(H + w) D = 0.191m 

Using the Churchill-Chu correlation, Eq. 9.34, the following results are obtained. 

Ra D Nu D h D (w/m 2 -Kj q^W/m) 

1.31 x 10 7 30.6 4.19 50.3 < 

where the heat rate per unit length for the circular duct is 
qo =^Dh D (T s -T o0 ). 

COMMENTS: (1) The H-D correlation, based upon experimental measurements, provided the lowest 
estimate for h and q'. The circular duct analysis results are in closer agreement than are those for the 
horizontal- vertical plate duct. 

(2) An explanation for the relative difference in h and q' values can be drawn from consideration of 

the boundary layers and induced flows around the surfaces. Viewing the cross-section of the square 
duct, recognize that flow induced by the bottom surface flows around the vertical sides, joining the 
vertical plume formed on the top surface. The flow over the vertical sides is quite different than would 
occur if the vertical surface were modeled as an isolated vertical surface. Also, flow from the top 
surface is likewise modified by flow rising from the sides, and doesn't behave as an isolated 
horizontal surface. It follows that treating the duct as a combination of horizontal-vertical plates (hv 
results), each considered as isolated, would over estimate the average coefficient and heat rate. 

(3) It follows that flow over the horizontal cylinder more closely approximates the situation of the 
square duct. However, the flow is more streamlined; thinnest along the bottom, and of increasing 
thickness as the flow rises and eventually breaks away from the upper surface. The edges of the duct 
disrupt the rising flow, lowering the convection coefficient. As such, we expect the horizontal 
cylinder results to be systematically higher than for the H-D correlation that accounts for the edges. 
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PROBLEM 9.50 



KNOWN: Straight, rectangular cross-sectioned fin with prescribed geometry, base temperature, and 
environmental conditions. 

FIND: (a) Effectiveness considering only free convection with average coefficient, (b) Effectiveness 
considering also radiative exchange, (c) Finite-difference equations suitable for considering local, rather 
than average, values. 

SCHEMATIC: 



& b ,T b = 45°C 




ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional conduction 
in fin, (4) Width of fin much larger than length, w » L, (5) Uniform heat transfer coefficient over length 
for Parts (a) and (b). 

PROPERTIES: Table A-l, Aluminum alloy 2024-T6 (T * (45 + 25) / 2 = 35 ° C * 300 K), k = 177 
W/m-K; Table A-U, Aluminum alloy 2024-T6 (Given), s = 0.82; Table A-4. Air (T f *300K), v = 
15.89 x 10 6 m 2 /s, k = 26.3 x 10" 3 W/m-K, a = 22.5 x 10" 6 m 2 /s, p = 1/T f = 33.3 x 10" 3 K 1 . 



ANALYSIS: (a) The effectiveness of a fin is determined from Eq. 3.81 
s = q f /hA cb ^b 

where h is the average heat transfer coefficient. The fin heat transfer follows from Eq. 3.72 

sinh mL + (h / mk) cosh mL 

q f = M 

cosh mL + (h / mk) sinh mL 

where 

M = (hPkA c ) 1/2 ^ and m = (hP/kA c ) 1/2 . 

Horizontal, flat plate correlations assuming T f = (T b + T^ ) / 2 « 300 K may be used to estimate h , Eqs 
9.30 to 9.32. Calculate first the Rayleigh number 

3 



(1) 



(2) 



(3,4) 



Ra Ln = 



" Too ) Lc 



va 



(5) 



where T s is the average temperature of the fin surface and L c is the characteristic length from Eq. 9.29, 



Lx w L 

2L + 2w ~ 2 
Substituting numerical values, 



L =^L 
C " P 



9.8m/s 2 xl/300Kx(310-298)K^100xl0" 3 /2j m 3 



22.5x10 6 m 2 /sxl5. 89x10" 



m 2 /s 



(6) 

= 1.37xl0 5 (7) 
Continued.. 
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PROBLEM 9.50 (Cont.) 

where T s * (T b + T f ) / 2 = 310K. Reco gnize the importance of this assumption which must be justified 



for a precise result. Using Eq. 9.30 and 9.32 for the upper and lower surfaces, respectively, 

J/4 _ k 

= 10.4, h u =Nu L x — 



0.54 1.37x10- 



Nu, 



Nu L = 0.27 1.37x10 



0.0263 W/m-K / ? 

- = 5.47 W/m -K 



100x10 J /2 m 



1/4 



= 5.20, 



2.73 W/ ni -K 



The average value is estimated as h c = (h u + )/2 = 4.10 W/m -K. Using this value in Eqs. (3) and 
(4), find 

ll/2 



M 



4.10w/m 2 -K(2w)mxl77W/m-K|wx2xl0 3 Jm 2 (45 - 25)° C = 34. lw W 



m = (h c P/kA c ) 1/2 = 4.1W/m 2 -K(2w)in/l77W/m-K(wx2xl0 3 )m 2 



1/2 



= 4.81m" 



Substituting these values into Eq. (2), with mL = 0.481 and q f /w = qf . 
q' f =34.1W/mx 



sinh 0.48 1 + 14.1 W/m 2 • K/ 4.81m 1 x 177 W/m • K | cosh 0.48 1 



15.2W/ 



m 



cosh 0.481 + ^4.86x10 3 J sinh 0.481 
and then from Eq. (1), the effectiveness is 

£ = 15.2W/mxw^4.1w/m 2 -K|wx2xl0" 3 mj(45-25)°C = 92.7. < 
(b) If radiation exchange with the surroundings is considered, use Eq. 1.9 to determine 
h r = so (T s + T sur )|f s 2 + T s 2 r \ = 0.82 x 5.67 x 1CT 8 w/m 2 • (310 + 298) (31 0 2 + 298 2 )K 3 = 5.23 w/m 2 K . 
This assumes the fin surface is gray-diffuse and small compared to the surroundings. Using h = h c + h r 

2 -wr n „ m / 2 



where h c is the convection parameter from part (a), find h = (4.10 + 5.23) W/m •K = 9.33W/m K, 

M = 51.4wW, m = 7.26m" 1 , qf =3 1.8 W/m giving 

£ = 85.2 < 
(c) To perform the numerical method, we used the IHT Finite Difference Equation Tool for 1-D, SS, 
extended surfaces. The convection coefficient for each node was expressed as 

h tot,m = h u (T m ) + h^(T m )/2 + h r (T m ) 

The effectiveness was calculated from Eq. (1) where the fin heat rate is determined from an energy 
balance on the base node. 



9f = qcond + qcv + 9rad 
9b = 9cond = kA c ( T b " T l ) / Ax 
9a = 9cv + 9rad = hot,b ( P ' A w / 2 ) ( T b " T inf ) 
h to t,b - (K ( T b ) + W (T b ))/2 + h r (T b ) 



9a 



If 



3 



Continued... 
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PROBLEM 9.50 (Cont.) 



The results of the analysis (15 nodes, Ax = L/15) 

q f =33.6W/m ^ = 83.2 < 

COMMENTS: (1) From the analytical treatments, parts (a) and (b), considering radiation exchange 
nearly doubles the fin heat rate (31.8 vs. 15.2 W/m) and reduces the effectiveness from 92.7 to 85.2. The 
numerical method, part (c) considering local variations for h c and h rad , provides results for qj and 8 which 
are in close agreement with the analytical method, part (b). 

(2) The IHT Finite Difference Equation Tool provides a powerful approach to solving a problem as 
tedious as this one. Portions of the work space are copied below to illustrate the general logic of the 
analysis. 

// Method of Solution: The Finite-Difference Equation tool for One-Dimensional, Steady-State Conditions 
for an extended surface was used to write 15 nodal equations. The convection and linearized radiation 
coefficient for each node was separately calculated by a User-Defined Function. 7 

// User-Defined Function - Upper surface convection coefficients: 

/* FUNCTION h_up ( Ts ) 

h_up = 0.0263 / 0.05 * NuLcu 

NuLcu = 0.54 * (1 1 ,421 * (Ts - 298) ) A 0.25 

RETURN h_up 

END 7 

// User-Defined Function - Linearized radiation coefficients: 

/* FUNCTION h_rad ( Ts ) 

h_rad = 0.82 * sigma * (Ts + 298 ) * (Ts A 2 + 298 A 2 ) 
sigma = 5.67e-8 
RETURN h_rad 
END 7 

/* Node 1 : extended surface interior node;e and w labeled 2 and b. 7 
0.0 = fd_1d_xsur_i(T1 ,T2,Tb,k,qdot,Ac,P,deltax,Tinf,htot1 ,q"a) 
q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 
qdot = 0 

htotl = ( h_up(T1 ) + h_do(T1 ) ) / 2 + h_rad(T1 ) 

/* Node 2: extended surface interior node;e and w labeled 2 and b. 7 
0.0 = fd_1d_xsur_i(T2,T3,T1 ,k,qdot,Ac,P,deltax,Tinf,htot2,q"a) 
htot2 = ( h_up(T2) + h_do(T2) ) / 2 + h_rad(T2) 

/* Node 15: extended surface end node, e-orientation; w labeled inf. 7 

0.0 = fd_1 d_xend_e(T1 5,T1 4,k,qdot,Ac,P,deltax,Tinf,htot1 5,q"a,Tinf,htot1 5,q"a) 

htotl 5 = ( h_up(T1 5) + h_do(T1 5) ) / 2 + h_rad(T1 5) 

// Assigned Variables: 

Tb = 45 + 273 // Base temperature, K 

Tinf = 25 + 273 // Ambient temperature, K 

Tsur = 25 + 273 // Surroundings temperature, K 

L = 0.1 // Length of fin, m 

deltax = L / 1 5 // Space increment, m 

k = 177 //Thermal conductivity, W/m.K; fin material 

Ac = t * w // Cross-sectional area, m A 2 

t = 0.002 // Fin thickness, m 

w = 1 // Fin width, m; unity value selected 

P = 2 * w // Perimeter, m 

Lc = L / 2 // Characteristic length, convection correlation, m 

// Fin heat rate and effectiveness 

qf = qcond + qcvrad // Heat rate from the fin base, W 

qcond = k * Ac * (Tb - T1 ) / deltax // Heat rate, conduction, W 

qcvrad = htotb * P * deltax / 2 * ( Tb - Tinf ) // Heat rate, combined radiation convection, W 

htotb = ( h_up(Tb) + h_do(Tb) ) / 2 + h_rad(Tb) // Total heat transfer coefficient, W/m A 2.K 

eff = qf / ( htotb * Ac * (Tb - Tinf) ) // Effectivenss 
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PROBLEM 9.51 



KNOWN: Dimensions, emissivity and operating temperatures of a wood burning stove. Temperature of 
ambient air and surroundings. 

FIND: Rate of heat transfer. 



SCHEMATIC: 

D p = 0.25 m 



r =400K 
e = 0.8 



m 



7"oo = 300 K 



T SS = 500 K 
s = 0.8 



| X 



- L s = 1 m 



T sur =300 K 



T s s = 500 K, s = 0.8 



Pipe (p) 



| x 

Side wall (x4)(s) 



h 



4- 



Top wall (f) 



L s = 1 m 



ASSUMPTIONS: (1) Steady-state, (2) Quiescent air, (3) Negligible heat transfer from pipe elbow, (4) 
Free convection from pipe corresponds to that from a vertical plate. 

PROPERTIES: Table A.4, air (T f = 400 K): v = 26.41 x 10" 6 m 2 /s, k = 0.0338 W/m-K, a = 38.3 x 10" 6 
m 2 /s, p = 0.0025 K 1 , Pr = 0.69. Table A.4, air (T f = 350 K): v = 20.92 x 10" 6 m 2 /s, k = 0.030 W/m-K, a = 
29.9 x 10" 6 m 2 /s, Pr = 0.70, p = 0.00286 K" 1 . 

ANALYSIS: Three distinct contributions to the heat rate are made by the 4 side walls, the top surface, 
and the pipe surface. Hence q t = 4q s + q t + q p , where each contribution includes transport due to 
convection and radiation. 

2/rp r~ \ , , T 2, 



% ~~ h s L s (T S)S Tqq ) + h ra( j s L s (t S)S T sur ) 
q t = h t L s (T s s — Tqq ^ + h ra( j s L s (t s s — T sur ) 
q p = hp (^"DpLp ) (t s>p - ^ ) + h ra d,p (^DpLp )( T s,p " T sur ) 



The radiation coefficients are 



h r ad,s = *r (T SjS + T sur ) (t s 2 s + T s 2 ur ) = 1 2.3 w/m 2 • K 
hrad,p = ^(T s ,p + T sur )(T 2 p + T 2 r ) = 7.9 w/m 2 • K 

For the stove side walls, Ra Ls = g/?(T s s -T^^Lg jav = 4.84 x 10 9 . Similarly, with (A s /P) = L 2 /4L S = 

0.25 m, Ra L , t = 7.57 x 10 7 for the top surface, and with L p = 2 m, Ra Lp = 3.59 x 10 10 for the stove pipe. 

For the side walls and the pipe, the average convection coefficient may be determined from Eq. 9.26, 

^2 



Nu L = 



0.825 + - 



0.387Ra 



1/6 



l + (0.492/Pr) 



9/16 



8/27 



Continued... 
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PROBLEM 9.51 (Cont.) 

which yields NuL,s = 199.9 and NuL,p = 377.6. For the top surface, the average coefficient may be 
obtained from Eq. 9.31, 

NuL=0.15RaL 3 

which yields NuL,t = 63.5. With h = Nu(k/L) , the convection coefficients are 
h s = 6.8w/m 2 -K, h t = 8.6w/m 2 K , h p =5.7w/m 2 -K 

Hence, 

qs=(hs+h ra d,s)Ls(T s ,s-300K) = 19.1w/m 2 -K(lm 2 )(200K) = 3820W 

q t = (h t +h rad?s )L 2 (T s?s -300K) = 20.9 w/m 2 • K(lm 2 |(200K) = 4180W 

q p =(h p +h radjp )(^D p Lp)(T Sjp -300K) = 13.6w/m 2 ■ K(;r x 0.25 mx 2m)(l00K) = 2140W 
and the total heat rate is 

qtot =4q s +qt+q p =21, 600 W < 

COMMENTS: The amount of heat transfer is significant, and the stove would be capable of maintaining 
comfortable conditions in a large, living space under harsh (cold) environmental conditions. 
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PROBLEM 9.52 



KNOWN: Plate, lm x lm, inclined at 45° from the vertical is exposed to a net radiation heat flux of 

2 

300 W/m ; backside of plate is insulated and ambient air is at 0°C. 
FIND: Temperature plate reaches for the prescribed conditions. 
SCHEMATIC: 



7s , A^-lm x Im- 




ASSUMPTIONS: (1) Net radiation heat flux (300 W/m ) includes exchange with surroundings, (2) 
Ambient air is quiescent, (3) No heat losses from backside of plate, (4) Steady-state conditions. 

PROPERTIES: Table A-4, Air (assuming T s = 84°C, T f = (T s + Too)/2 = (84 + 0)°C/2 = 315K, 1 

6 2 6 2 

atm): v = 17.40 x 10" m /s, k = 0.0274 W/m-K, a = 24.7 x 10" m /s, Pr = 0.705, P = 1/T f . 

ANALYSIS: From an energy balance on the plate, it follows that q ra d = Qconv- That is, the net 

radiation heat flux into the plate is equal to the free convection heat flux to the ambient air. The 
temperature of the surface can be expressed as 



T s = To, + q ra d /h L 



(1) 



where hj^ must be evaluated from an appropriate correlation. Since this is the bottom surface of a 
heated inclined plate, "g" may be replaced by "g cos 0"; hence using Eq. 9.25, find 

_gcos#/?(T s -T 00 )L 3 _9.8m/s 2 xcos45°(l/315K)(84-0)K (lm) 3 _ 9 



va 



17.40x10 6 m 2 /sx24.7xl0 _6 m 2 /s 



Since RaL > 10 , conditions are turbulent and Eq. 9.26 is appropriate for estimating Nuj^ 

2 

0.825 + ■ 



Nii L =H 



0.387 Rai 



1 + (0.492 /Pr) 



9/16 



Nu 



L 



0.825 + ■ 



0.387 4.30x10' 



8/27 



1/6 



(2) 



l + (0.492/0.705) 



9/16 



8/27 



193.2 



h L = Nu L k/L = 193.2x0.0274W/m-K/lm = 5.29W/m z -K. (3) 
Substituting Iil from Eq. (3) into Eq. (1), the plate temperature is 

T s =0°C + 300W/m 2 /5.29W/m 2 -K = 57°C. < 

COMMENTS: Note that the resulting value of T s « 57°C is substantially lower than the assumed 
value of 84°C. The calculation should be repeated with a new estimate of T s , say, 60°C. An alternate 
approach is to write Eq. (2) in terms of T s , the unknown surface temperature and then combine with 
Eq. (1) to obtain an expression which can be solved, by trial-and-error, for T s . 
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PROBLEM 9.53 

KNOWN: Horizontal rod immersed in water maintained at a prescribed temperature. 
FIND: Free convection heat transfer rate per unit length of the rod, tJconv 
SCHEMATIC: 



conv 




ASSUMPTIONS: (1) Water is extensive, quiescent medium. 

PROPERTIES: Table A-6, Water (T f = (T s + TJ/2 = 310K): p = l/v f = 993.0 kg/m 3 , v = ix/p = 695 
x 10" 6 N-s/m 2 /993.0 kg/m 3 = 6.999 x 10" ? m 2 /s, a = k/pc = 0.628 W/m-K/993.0 kg/m 3 x 4178 J/kg-K 
= 1.514 x 10" ? m 2 /s, Pr = 4.62, p = 361.9 x 10" 6 K" 1 . 
ANALYSIS: The heat rate per unit length by free convection is given as 

qconv = ho • ^"D (T s - ) . 
To estimate hj) , first find the Rayleigh number, Eq. 9.25, 



(1) 



Ra D 



g y 9(T s -T 00 )D 3 9.8m/s 2 |361.9xl0 6 K 1 J(56-18)K(0.005m) 3 



va 



6.999x10 7 m 2 /sxl.514xl0 7 m 2 /s 



587xl0~ 



and use Eq. 9.34 for a horizontal cylinder, 



Nu D =< 



0.60 + ■ 



0.387 Ra 



1/6 
D 



9/16 



Nu D =< 



1 + (0.599 /Pr) 



0.387|1.587xl0 f 



8/27 



1/6 



0.60 + ■ 



l + (0.599/4.62) 



9/16 



8/27 



= 10.40 



h D =Nu D k/D = 10.40x0.628W/m-K/0.005m = 1306W/m z -K. (2) 
Substituting for hp from Eq. (2) into Eq. (1), 

q^. onv =1306W/m 2 -Kx;r(0.005m)(56-18)K = 780W/m. < 

COMMENTS: (1) Note the relatively large value of hp ; if the rod were immersed in air, the heat transfer 

2 

coefficient would be close to 5 W/m K. 

(2) Eq. 9.33 with appropriate values of C and n from Table 9. 1 could also be used to estimate ll£) . Find 

— n / 5\ 0 - 25 

Nu D = C Ra^ = 0.48 1 .587 x 10 3 =9.58 

h D =Nu D k/D = 9.58x0.628W/m-K/0.005m = 1203W/m 2 -K. 

By comparison with the result of Eq. (2), the disparity of the estimates is -8%. 
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PROBLEM 9.54 

KNOWN: Horizontal, uninsulated steam pipe passing through a room. 

FIND: Heat loss per unit length from the pipe. 

SCHEMATIC: 




71= 4-00 K 



Qaiesceni- 



^— £> = ISO 777 777, & = 0. 35 



ASSUMPTIONS: (1) Pipe surface is at uniform temperature, (2) Air is quiescent medium, (3) 
Surroundings are large compared to pipe. 

PROPERTIES: Table A-4, Air (T f = (T s + = 350K, 1 atm): v = 20.92 x 10" 6 m 2 /s, k = 0.030 

6 2 3 1 

W/m-K, a = 29.9 x 10 m /s, Pr = 0.700, p = 1/T f = 2.857 x 10 K . 

ANALYSIS: Recognizing that the heat loss from the pipe will be by free convection to the air and by 
radiation exchange with the surroundings, we can write 



h D ( T s " T oo ) + ea 1 T s 4 - T s 4 ur 



q' = qconv+qrad =^ D 
To estimate hj) , first find Ra L , Eq. 9.25, and then use the correlation for a horizontal cylinder, Eq. 9.34, 
RaL = g/? ( T s- T °°) D3 ^ 9.8m/ s 2 (1 /350K) (400- 300) K (0.150m) 3 =15Uxl() 7 



(1) 



va 



20.92x10 6 m 2 /sx29.9xl0 6 m 2 /s 



Nu D = <| 



0.60 + 



0.387 Ra 



1/6 



\9/l6 



Nu 



D 



0.60 + 



1 + (0.559 /Pr) 

|l.511xl0 7 J 



8/27 



1/6 



0.387 



l + (0.559/0.700)' 



9/16 



8/27 



31.88 



(2) 



h D =Nu D •k/D = 31.88x0.030W/m-K/0.15m = 6.38W/m 2 -K. 
Substituting for hj) from Eq. (2) into Eq. (1), find 

q' = k (0. 150m) 6.38 W / m 2 • K (400 - 300) K + 0.85 x 5.67 x 10" 8 W / m 2 • K 4 |400 4 - 300 4 j K 

q' = 301W/m + 397W/m = 698W/m. < 

COMMENTS: (1) Note that for this situation, heat transfer by radiation and free convection are of 
equal importance. 

(2) Using Eq. 9.33 with constants C,n from Table 9.1, the estimate for hj) is 

\0.333 



Nu 



D 



CRa? =0.125 



|l.511xl0 7 J 



: 30.73 



h D = Nu D k / D = 30.73 x 0.030 W/m-K / 0. 150m = 6.15W/m • K. 
The agreement is within 4% of the Eq. 9.34 result. 
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PROBLEM 9.55 



KNOWN: Diameter and outer surface temperature of steam pipe. Diameter, thermal conductivity, and 
emissivity of insulation. Temperature of ambient air and surroundings. 

FIND: Effect of insulation thickness and emissivity on outer surface temperature of insulation and heat 
loss. 

SCHEMATIC: See Example 9.4, Comment 2. 

ASSUMPTIONS: (1) Pipe surface is small compared to surroundings, (2) Room air is quiescent. 
PROPERTIES: Table A.4, air (evaluated using Properties Tool Pad of IHT). 

ANALYSIS: The appropriate model is provided in Comment 2 of Example 9.4 and includes use of the 
following energy balance to evaluate T s>2 , 

Qcond = Qconv + Qrad = 1 



2*riq(T S)1 -T S)2 )_ 



to fa fa)' 2 = h2;rr 2 ( T s,2 " T ro ) + sln^a (t 4 2 - T s 4 ur ) 



from which the total heat rate q' can then be determined. Using the IHT Correlations and Properties 
Tool Pads, the following results are obtained for the effect of the insulation thickness, with s = 0.85. 



170 



„ 140 



110 



cd 80 



50 



20 



0.01 0.02 0.03 0.04 0.05 
Insulation thickness, t(m) 



E 



800 



700 



600 



500 



400 



200 



100 




0.01 0.02 0.03 0.04 
Insulation thickness, t(m) 



0.05 



The insulation significantly reduces T s 2 and q' , and little additional benefits are derived by increasing t 
above 25 mm. For t = 25 mm, the effect of the emissivity is as follows. 



Continued. 
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PROBLEM 9.55 (Cont.) 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 



Emissivity, eps Emissivity, eps 

Although the surface temperature decreases with increasing emissivity, the heat loss increases due to an 
increase in net radiation to the surroundings. 
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PROBLEM 9.56 

KNOWN: Dimensions and temperature of beer can in refrigerator compartment. 
FIND: Orientation which maximizes cooling rate. 



SCHEMATIC: 



r — J- 



D=0.06m 



Horiz.ortfml t (h) 




Vertical, (v) 



ASSUMPTIONS: (1) End effects are negligible, (2) Compartment air is quiescent, (3) Constant 
properties. 

PROPERTIES: Table A-4, Air (T f = 288.5K, 1 atm): v = 14.87 x 10" 6 m 2 /s, k =0.0254 W/m-K, a = 

6 2 3 1 

21.0x10" m /s,Pr = 0.71,(3= 1/T f =3.47x 10" K~ . 

ANALYSIS: The ratio of cooling rates may be expressed as 

q v _ h v xDL (T s -T^) _ h v 

q h h h ^DL(T S -T 00 ) h h 
For the vertical surface, find 

Ra L = ^ - T "> = , 9 ' 8m/s2 X3 - 4 , 7X1 °' 3 K '' < 23 : C > , L? - 2S»«?1? 



va 



14.87 xl(T 6 m 2 /s 21xl0" 6 m 2 /s 



Ra L =2.5xl0 9 (0.15) =8.44xl0 6 , 



and using the correlation of Eq. 9.26, Nu, 



0.825 + - 



0.387 8.44x10° 



1 + (0.492/ 0.71)' 



9/16 



8/27 



29.7. 



Hence 



h T =h v =Nu T — = 29.7 = 5.03W/m z -K. 

L v L L 0.15m 



For the horizontal surface, find Ra D = gjg ( Ts Tc °) D 3 = 2 5 x 10 9 (Q.06) 3 = 5.4x 10 5 



va 



and using the correlation of Eq. 9.34, Nu D = 



0.60 + 



0.387(5.4xl0 5 



1/6 



l + (0.559/0.7l)' 



9/16 



18/ 27 



\ =12.24 



r r IT" k 1^ *a 0.0254W/m-K _ it> „ T . i v 

h n =h h = Nu n — = 12.24 = 5.18W/m z -K. 

U n D D 0.06m 



Hence 



5.03 



q h 5.18 



= 0.97. 



COMMENTS: In view of the uncertainties associated with Eqs. 9.26 and 9.34 and the neglect of end 
effects, the above result is inconclusive. The cooling rates are approximately the same. 
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PROBLEM 9.57 



KNOWN: Length and diameter of tube submerged in paraffin of prescribed dimensions. Properties 
of paraffin. Inlet temperature, flow rate and properties of water in the tube. 

FIND: (a) Water outlet temperature, (b) Heat rate, (c) Time for complete melting. 

SCHEMATIC: 



D'-OOZSm 



tt) =0.1 kgjs, 

r m ,'6o'c 




Paraffm, T mp =274°C 
T 

0.25m 



1 



ASSUMPTIONS: (1) Water is incompressible liquid with negligible viscous dissipation, (2) 
Constant properties for water and paraffin, (3) Negligible tube wall conduction resistance, (4) Free 
convection at outer surface associated with horizontal cylinder in an infinite quiescent medium, (5) 
Negligible heat loss to surroundings, (6) Fully developed flow in tube. 

PROPERTIES: Water (given): c p = 4185 J/kg-K, k = 0.653 W/m-K, li = 467 x 10~ 6 kg/s-m, Pr = 

-4 -1 

2.99; Paraffin (given): T mp = 27.4°C, h sf = 244 kJ/kg, k = 0. 15 W/m-K, p = 8 x 10 K , p = 770 

3 -6 2 -8 2 

kg/m , v = 5 x 10 m /s, a = 8.85 x 10 m /s. 

ANALYSIS: (a) The overall heat transfer coefficient is 
J__J_ J_ 

U"h i " + h7' 



4rh 



4x0.1kg/s 



To estimate hj , find R^D 

^-x0.025mx467xl0" 6 kg/s-m 

and noting the flow is turbulent, use the Dittus-Boelter correlation 



10,906 



Nu D =0.023 Re^ /5 Pr 03 =0.023(l0,906f /J (2.99) u -' =54.3 

N gB t = 54.3xa653W/m-K = 2 
D 0.025m 
To estimate h G , find 

_g^(T s -T oo )D 3 _( 9 - 8m/s2 ) 8xl0 " 4K "H 55 - 27 - 4 ) K (°- 025m f 
v<* 5xl0" 6 m 2 /sx8.85xl0" 8 m 2 /s 



4/5, 



x0.3 



Ra 



D 



Rap = 7.64x10 



and using the correlation of Eq. 9.34, Nu D = 



0.60 + 



0.387 Rap 6 



1 + (0.559 /Pr)' 



9/16 



8/27 



= 35.0 



i rr~ k „.0.15W/m-K 2 ^ 

h n =Nu^ — = 35.0 = 210 W/m-K. 



'D 



D 



0.025m 



Alternatively, using the correlation of Eq. 9.33, 



Continued 
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PROBLEM 9.57 (Cont.) 



Nu D = CRa^ with C = 0.48, n = 0.25 Nu D = 25.2 

h 0= 25.2 °- 15W/m - K = 151W/m 2 -K. 
0.025m 

The significant difference in h 0 values for the two correlations may be due to difficulties associated 
with high Pr applications of one or both correlations. Continuing with the result from Eq. 9.34, 



1 1 1 

- + -. 



1 1 

- + - 



U hi h 0 1418 210 



5.467x10 3 m 2 -K/W 



U = 183W/m -K. 



Using Eq. 8.45a, find 

T -T 
x oo x m,o 



L oo 



T ■ 

A m,i 



exp 



f \ 



V 



mc 



P ) 



exp 



7rx 0.025m x 3m 



183- 



W 



0.1kg/sx4185J/kg-K m 2. K 



Vo = T oo " (Too - Vi ) 0.902 = [27.4 - ( 27.4 - 60) 0.902] °C 



T m?0 =56.8°C. 



(b) From an energy balance, the heat rate is 

q = ihCp(T m)i -T m)O ) = 0.1kg/sx4185J/kg-K(60-56.8)K = 1335W 

or using the rate equation, 



q = UAAT) m = 183W/m 2 -K;r(0.025m)3m 



q = 1335W. 



(60-27.4)K-(56.8-27.4)K 



in 



60-27 .4 
56.8-27.4 



(c) Applying an energy balance to a control volume about the paraffin, 



E in - AE st 



q-t = /?Vh sf =pL 



WH-^D z /4 



hf 



t = 



770kg/m J x3m 



1335W 
4 



(0.25m) 2 -^(0.025m) 2 



2.44xl0 3 J/kg 



t = 2.618xl0^s = 7.27h 



< 
< 



COMMENTS: (1) The value of h Q is overestimated by assuming an infinite quiescent medium. The 

fact that the paraffin is enclosed will increase the resistance due to free convection and hence decrease 
q and increase t. 

(2) Using h Q =151W/m 2 -K results in U = 136 W/m 2 • K,T m o = 57.6°C, q = 1009 W and t = 
9.62 h. 
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PROBLEM 9.58 



KNOWN: A long uninsulated steam line with a diameter of 89 mm and surface emissivity of 0.8 
transports steam at 200°C and is exposed to atmospheric air and large surroundings at an equivalent 
temperature of 20°C. 

FIND: (a) The heat loss per unit length for a calm day when the ambient air temperature is 20°C; (b) 
The heat loss on a breezy day when the wind speed is 8 m/s; and (c) For the conditions of part (a), 
calculate the heat loss with 20-mm thickness of insulation (k = 0.08 W/m-K). Would the heat loss 
change significantly with an appreciable wind speed? 



SCHEMATIC: 



T s , b = 200°C 




€' sur 




Steam line (bare) 
D b = 89 mm 
8= 0.8 



Tqo = 20°C 
V = 0 (calm day) 
or 8 m/s 




Insulation 

D 0 = 129 mm 
t = 20 mm thick 
k = 0.08 W/m-K 



Part (c) with insulation 



ASSUMPTIONS: (1) Steady-state conditions, (2) Calm day corresponds to quiescent ambient 
conditions, (3) Breeze is in crossflow over the steam line, (4) Atmospheric air and large surroundings 
are at the same temperature; and (5) Emissivity of the insulation surface is 0.8. 

PROPERTIES: Table A-4, Air (T f = (T s + T^/2 = 383 K, 1 atm): v = 2.454 x 10" 5 m 2 /s, k = 
0.03251 W/m-K, a = 3.544 x 10" 5 m 2 /s, Pr = 0.693. 

ANALYSIS: (a) The heat loss per unit length from the pipe by convection and radiation exchange 
with the surroundings is 



qb =qcv +qrad 

qb = h D Pb (T s ,b " Too ) + (T 4 b - ) 



P b =^D b 



(1,2) 



where D^, is the diameter of the bare pipe. Using the Churchill-Chu correlation, Eq. 9.34, for free 
convection from a horizontal cylinder, estimate hp 

2 

U.JO I fvt" ' ' ^ 

0.60 + 



Nu 



hD b 



D 



0.387 Ra 



D 



1 + (0.559 /Pr) 



9/16 



8/27 



(3) 



where properties are evaluated at the film temperature, Tf = (T s + Too)/2 and 

x3 



Ra D = 



g^(T s -T 00 )D^ 



va 



Substituting numerical values, find for the bare steam line 

2 



Ra D 

3.73 x 10 6 



Nu D h D (W/m-K) qcv(W/m) q rad (W/m) q b (W/m) 



21.1 



7.71 



388 



541 



929 



(4) 



Continued 
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PROBLEM 9.58 (Cont.) 

(b) For forced convection conditions with V = 8 m/s, use the Churchill-Bernstein correlation, Eq. 7.54, 

i4/5 



— h n D h 0.62Re* /2 Pr 1/3 



l + (0.4/Pr)- 

where Rerj = VD/v. Substituting numerical values, find 



,213 



1/4 



1 + 



- Rep 5/8 
282,000 



Reo Nu 



D 
97.7 



h D , b (W/m 2 K) qcv(W/m) q; ad (W/m) q{,(W/m) 
35.7 1800 541 2340 



2.90x10 •>•>■' ^ < 

(c) With 20-mm thickness insulation, and for the calm-day condition, the heat loss per unit length is 



lins - ( T s,o ~ T oo ) / R 'tot 
R^Rins+tl/R^+l/Rradf 1 
where the thermal resistance of the insulation fromEq. 3.28 is 

Rins=MD 0 /D b )/[2^k] 
and the convection and radiation thermal resistances are 

Rev =l/(h D)0 *D 0 ) 

R rad = 1 / (hrad ^ D o ) hrad,o = ea (\ 0 + ) (t 2 0 + T ( 



(1) 
(2) 

(3) 

(4) 
(5,6) 



The outer surface temperature of the insulation, T s 0 , can be determined by an energy balance on the 
surface node of the thermal circuit. 

Rrad 

p^VW^ T sur = T °° 

T s,b 

q' ► •VWV' T s.o 



T s,b -T« 



s,o 



l s,o x OO 



R ins [1/R cv +1/R ra d] 1 
Substituting numerical values with Db, 0 = 129 mm, find the following results. 



R ms =0.7384 m-K/W 

Rc V =0.4655 K/W 

R rad =0.4371 K/W 
T s ,o=62.PC 



h D>o =5.30 W/m z K 
h rad =5.65 W/m 2 -K 
q ms =187W/m 



Continued 
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PROBLEM 9.58 (Cont.) 



COMMENTS: (1) For the calm-day conditions, the heat loss by radiation exchange is 58% of the 
total loss. Using a reflective shield (say, s = 0.1) on the outer surface could reduce the heat loss by 
50%. 

(2) The effect of a 8-m/s breeze over the steam line is to increase the heat loss by more than a factor of 
two above that for a calm day. The heat loss by radiation exchange is approximately 25% of the total 
loss. 

(3) The effect of the 20-mm thickness insulation is to reduce the heat loss to 20% the rate by free 
convection or to 9% the rate on the breezy day. From the results of part (c), note that the insulation 
resistance is nearly 3 times that due to the combination of the convection and radiation process thermal 
resistances. The effect of increased wind speed is to reduce R^. v , but since R- ns is the dominant 
resistance, the effect will not be very significant. 

(4) The convection correlation models in IHT are especially useful for applications such as the present 
one to eliminate the tediousness of evaluating properties and performing the calculations. However, it 
is essential that you have experiences in hand calculations with the correlations before using the 
software. 
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PROBLEM 9.59 



KNOWN: Horizontal tube, 12.5mm diameter, with surface temperature 240°C located in room with 
an air temperature 20°C. 



FIND: Heat transfer rate per unit length of tube due to convection. 
SCHEMATIC: 




r~D = IZSmm 



T-7:=240 o C 



ASSUMPTIONS: (1) Ambient air is quiescent, (2) Surface radiation effects are not considered. 

PROPERTIES: Table A-4, Air (T f = 400K, 1 atm): v = 26.41 x 10" 6 m 2 /s, k= 0.0338 W/m-K, a = 
38.3 x 10" 6 m 2 /s, Pr = 0.690, B = 1/T f = 2.5 x 10" 3 K \ 

ANALYSIS: The heat rate from the tube, per unit length of the tube, is 
where h can be estimated from the correlation, Eq. 9.34, 



Nu D = 



0.60 + 



0.387 Ra 



1/6 
D 



^9/16 



8/27 



l + (0.559/Pr)' 
From Eq. 9.25, 

gj3(T s - ^ ) D 3 9 - 8m/ s2 x 2 - 5 x 10 " 3 K_1 ( 240 " 20 ) K x ( 12 - 5 x 10 " 3 m ) 



Ra D = 



va 



26.41xl0" 6 m 2 /sx38.3xl0" 6 m 2 /s 



= 10,410. 



Hence, 



Nu D =\ 



0.60 + - 



0.387(10,410) 



1/6 



1 + (0.559/0.690)' 



9/16 



8/27 



= 4.40 



D 

The heat rate is 



r k— 0.0338W/m-K . An 2 „ 

h = — Nu D = - x 4.40 = 1 1 .9 W / m • K. 



12.5x10 •'m 



q' = ll.9W/m 2 -Kx^|l2.5xlO 3 m)(240-20)K = l03W/m. 
COMMENTS: Heat loss rate by radiation, assuming an emissivity of 1.0 for the surface, is 



qrad =£Po-(T s 4 -T^) = lx,z-|l2.5xlO 3 mjx5.67x 
q rad =138W/m. 



10 



-8 W 



2 V A 
m • K 



(240 + 273) -(20 + 273) 



K 



Note that P = tc D. Note also this estimate assumes the surroundings are at ambient air temperature. In 
this instance, q rac j > q conv . 
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PROBLEM 9.60 

KNOWN: Insulated steam tube exposed to atmospheric air and surroundings at 25°C. 

FIND: (a) Heat transfer rate by free convection to the room, per unit length of the tube; effect on quality, 
x, at outlet of 30 m length of tube; (b) Effect of radiation on heat transfer and quality of outlet flow; (c) 
Effect of emissivity and insulation thickness on heat rate. 

SCHEMATIC: 



D 3 = 115, 165 mm 

85% Magnesia (s = 0.2, 0.8) 
D 2 = 65 mm T 




T sur =25°C 



D 1 = 55 mm 



hj= 11,000 W/rn^ K 



T s Circuit (Part a) T i= T sat 

WWV-WV^iA/VW 
J. L_ m El _L_ 

h 0 TiD 3 2nk m D 2 hfiD^ 



ASSUMPTIONS: (1) Ambient air is quiescent, (2) Negligible surface radiation (part a), (3) Tube wall 
resistance negligible. 

PROPERTIES: Steam tables, steam (sat., 4 bar): h f = 566 kJ/kg, T sat = 416 K, h g = 2727 kJ/kg, h fg = 
2160 kJ/kg, v g = 0.476 m 3 /kg; Table A3, magnesia, 85% (310 K): k m = 0.051 W/mK; Table A.4, air 
(assume T s = 60°C, T f = (60 + 25)°C/2 = 315 K, 1 atm): v = 17.4 x 10" 6 m 2 /s, k = 0.0274 W/m-K, a = 
24.7 x 10" 6 m 2 /s, Pr = 0.705, T f = 1/315 K = 3.17 x 10" 3 K" 1 . 

ANALYSIS: (a) The heat rate per unit length of the tube (see sketch) is given as, 



T -T 
l i 1 oo 

r; 



where 



J_ 

Rt 



l 



l 



l 



, D 3 

h D ^D3 2^k m D2 hj^-Di 



(1,2) 



To estimate h Q , we have assumed T s « 60°C in order to calculate Ra L from Eq. 9.25, 
g/?(T s -T 00 )D3 _ 9.8m/s 2 x3.17xl0" 3 K _1 (60-25)K(0.115m) 3 



Ra 



D 



VOL 



17.4x10 6 m 2 /sx24.7xl0 6 m 2 /s 



3.85x10°. 



The appropriate correlation is Eq. 9.34; find 

J/6 



Nud = < 



0.60 + 



0.387(Ra D ) 



l + (0.559/Pr) 



9/16 



8/27 



0.60 + 



0.387 3.85 xl0 c 



1/6 



1 + (0.559/0.705) 



9/16 



8/27 



= 21.4 



r k — 0.0274W/m-K ^ A ennm l 2 „ 

h Q = Nud = x21.4 = 5.09W/m z -K. 

D3 0.115m 

Substituting numerical values into Eq. (2), find 



r; 



-1-1 



115 

-In + - 



5.09W/m -Kxa-0.115m 2^x0.051W/m-K 65 1 1, 000 W/ m • Ktt x 0.055 m 



= 0.430 W/m-K 



and from Eq. (1), q' = 0.430 W/m • K(416 - 298) K = 50.8 W/m 



Continued... 
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PROBLEM 9.60 (Cont.) 



We need to verify that the assumption of T s = 60°C is reasonable. From the thermal circuit, 

T s = Too + q'/h 0 xD 3 = 25° C + 50.8 W/m/ (s.09 w/m 2 • K x n x 0. 1 1 5 m j = 53° C . 
Another calculation using T s = 53°C would be appropriate for a more precise result. 
Assuming q' is constant, the enthalpy of the steam at the outlet (L = 30 m), h 2 , is 

h2 = h l -q'-L/m = 2727 kJ/kg- 50.8 W/mx30m/0.015kg/s = 2625kJ/kg 

where m = PgA c u m with Pg =i / v g and A c = ttD^ /4. For negligible pressure drop, 

x = (h 2 - h f ) /h fg = (2625 - 566) kJ/kg /(2160kJ/kg) = 0.953. < 

(b) With radiation, we first determine T s by performing an energy balance at the outer surface, where 

Qi = Qconv,o + Qrad 

= h G ^D 3 (T s - To, ) + * D 3 «7 (T s 4 - T s 4 ur ) 

and 

Ri=^ + ^ln-5i 
hj^-D^ 2;rk m D 2 

From knowledge of T s , q[ = (T[ - T s ) /R[ may then be determined. Using the Correlations and 

Properties Tool Pads of IHT to determine h 0 and the properties of air evaluated at T f = (T s + TJ/2, the 
following results are obtained. 

Condition T s (°C) q[ (W/m) 

s = 0.8, D 3 = 115 mm 41.8 56.9 

s = 0.8, D 3 = 165 mm 33.7 37.6 

8 = 0.2, D 3 = 1 15 mm 49.4 52.6 

8 = 0.2, D 3 = 165 mm 38.7 35.9 

COMMENTS: Clearly, a significant reduction in heat loss may be realized by increasing the insulation 
thickness. Although T s , and hence q CO nv,o > increases with decreasing 8, the reduction in q ra( j is more 
than sufficient to reduce the heat loss. 
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PROBLEM 9.61 

KNOWN: Dissipation rate of an electrical cable suspended in air 
FIND: Surface temperature of the cable, T s . 
SCHEMATIC: 

Cj\mbie7Th a ir, 



€1 



J? 

3- 



777 



7^ 



771 



ASSUMPTIONS: (1) Quiescent air, (2) Cable in horizontal position, (3) Negligible radiation exchange. 

PROPERTIES: Table A-4, Air (T f = (T s + = 325K, based upon initial estimate for T s , 1 atm): 
v = 18.41 x 10" 6 m 2 /s, k = 0.0282 W/m-K, a = 26.2 x 10" 6 m 2 /s, Pr = 0.704. 

ANALYSIS: From the rate equation on a unit length basis, the surface temperature is 
T s =T 00 +q7^Dh 

where h is estimated by an appropriate correlation. Since such a calculation requires knowledge of 
T s , an iteration procedure is required. Begin by assuming T s = 77°C and calculated Rao, 

Ra D = g/?AT D 3 / va where AT = T s - T^ and Tf = (T s + T 00 )/2 (1 ,2,3) 

For air, [3 = 1/Tf, and substituting numerical values, 

2 2 

^4 



2 2 

Ra D = 9.8 ^ (1 / 325K) (77 - 27) K (0.025m) 3 / 1 8.41 x 10" 6 — x 26.2 x 10" 6 — 



4.884x10 



Using the Churchill-Chu relation, find h. 



Nu D = 



hD 



0.60 + - 



0.387 Ra 



1/6 
D 



1 + (0.559 /Pr)' 



9/16 



8/27 



(4) 



h = 



0.0282W/m-K 



0.025m 



0.60 + - 



/ 4\ 1/6 
0.387 4.884xl0 4 



1 + (0.559/ 0.704)' 



9/16 



18/ 27 



= 7.28 W/m-K. 



Substituting numerical values into Eq. (1), the calculated value for T s is 

T s = 27°C + (30 W / m) / n x 0.025m x 7.28 W / m 2 • K = 79.5°C. 

This value is very close to the assumed value (77°C), but an iteration with a new value of 79°C is 
warranted. Using the same property values, find for this iteration: 

Ra D =5.08xl0 4 h = 7.35W/m 2 -K T S =79°C. 

We conclude that T s = 79°C is a good estimate for the surface temperature. 

COMMENTS: Recognize that radiative exchange is likely to be significant and would have the 
effect of reducing the estimate for T s . 
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PROBLEM 9.62 

KNOWN: Dissipation rate of an immersion heater in a large tank of water. 
FIND: Surface temperature in water and, if accidentally operated, in air. 
SCHEMATIC: 

~ " 2=550 W 

'Immersion he.mter j 

UlOmm, 500 mm 




± 7r> me 



ASSUMPTIONS: (1) Quiescent ambient fluid, (2) Negligible radiative exchange. 
PROPERTIES: Table A-6, Water and Table A-4, Air: 



T(K) k-10 3 (W/m-K) v-10 7 (u/p,m 2 /s) 



7 2 

a- 10 (k/pc p ,m /s) 



Pr P-IOV" 1 ) 



Water 315 
Air 1500 



634 
100 



6.25 
2400 



1.531 
3500 



4.16 
0685 



400.4 
666.7 



ANALYSIS: From the rate equation, the surface temperature, T s , is 
T^Too+q/^DLh) 



(1) 



where h is estimated by an appropriate correlation. Since such a calculation requires knowledge of 
T s , an iteration procedure is required. Begin by assuming for water that T s = 64°C such that Tf = 
315K. Calculate the Rayleigh number, 

v3 



Ra D 



g/?ATD 3 _9.8m/s 2 x400.4xl0" 6 K" 1 (64-20)K(0.010m) 3 804x1 q6 



va 



6.25xl0" 7 m 2 /sxl.531xl0" 7 m 2 /s 



Using the Churchill-Chu relation, find 



(2) 



— hD 



0.60 + 



0.387 Ra 



1/6 
D 



1 + (0.559 /Pr) 



9/16 



8/27 



(3) 



0.634W/m-K 
0.01m 



0.60 + - 



0.387 1.804xlO c 



1/6 



l + (0.559/4.16) 



9/16 



8/27 



1301W/m -K. 



Substituting numerical values into Eq. (1), the calculated value for T s in water is 
T s =20°C + 550W/^-x0.010mx0.30mxl301W/m 2 -K = 64.8°C. 



Continued 
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PROBLEM 9.62 (Cont.) 



Our initial assumption of T s = 64°C is in excellent agreement with the calculated value. 

With accidental operation in air, the heat transfer coefficient will be nearly a factor of 100 less. 

Suppose h « 25 W / m 2 • K, then from Eq. (1), T s « 2360°C. Very likely the heater will burn out. 

2 

Using air properties at Tf « 1500K and Eq. (2), find Rap =1.815x10 . Using Eq. 9.33, 

Nu D = CRa^ with C= 0.85 and n = 0.188 from Table 9.1, find h = 22.6 W/m 2 • K. Hence, our 

first estimate for the surface temperature in air was reasonable, 

T s * 2300°C. < 

However, radiation exchange will be the dominant mode, and would reduce the estimate for T s . 
Generally such heaters could not withstand operating temperatures above 1000°C and safe operation 
in air is not possible. 
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PROBLEM 9.63 



KNOWN: Motor shaft of 20-mm diameter operating in ambient air at Tqq = 27°C with surface 
temperature T s < 87°C. 

FIND: Convection coefficients and/or heat removal rates for different heat transfer processes: (a) For a 
rotating horizontal cylinder as a function of rotational speed 5000 to 15,000 rpm using the recommended 
correlation, (b) For free convection from a horizontal stationary shaft; investigate whether mixed free 
and forced convection effects for the range of rotational speeds in part (a) are significant using the 
recommended criterion; (c) For radiation exchange between the shaft having an emissivity of 0.8 and 
the surroundings also at ambient temperature, T sur = ; and (d) For cross flow of ambient air over the 
stationary shaft, required air velocities to remove the heat rates determined in part (a). 

SCHEMATIC: 



T s z 87 °C 





Shaft, D = 20 mm, e = 0.80 
^ Q(rad/s) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Shaft is horizontal with isothermal surface. 

PROPERTIES: Table A.4, Air (T f = (T s + )/2 = 330 K, 1 atm): v = 18.91 x 10" 6 m 2 /s , k = 0.02852 
W/m-K, a = 26.94 x 10" 6 m 2 /s, Pr = 0.7028, f3 = 1/T f . 

ANALYSIS: (a) The recommended correlation for a horizontal rotating shaft is 

NuD = 0.133Re 2/3 Pr 1/3 Re D <4.3xl0 5 0.7<Pr<670 

where the Reynolds number is 
Re D = QD 2 /v 

and D. (rad/s) is the rotational velocity. Evaluating properties at T f = (T s + )/2, find for co = 5000 
rpm, 

Re D = (5000rpm x In rad/rev / 60s/min) (0.020m) 2 / 1 8.9 1 x 10" 6 m 2 /s = 1 1, 076 
Nu D =0.133(1 1,076) 2//3 (0.7028) 1/3 =58.75 

hD,rot = N^D k/D = 58.75 x 0.02852 W/m • K/0.020m = 83.8 w/m 2 • K < 
The heat rate per unit shaft length is 

.2 



qi-ot = h D,rot(^ D )( T s "Too) = 83.8 W/m 2 - K(^-x 0.020m) (87 -27) C = 316 W/m < 

The convection coefficient and heat rate as a function of rotational speed are shown in a plot below. 

(b) For the stationary shaft condition, the free convection coefficient can be estimated from the 
Churchill-Chu correlation, Eq. (9.34) with 

Continued... 
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PROBLEM 9.63 (Cont.) 



Ra D = 



g/?ATD~ 



va 



9.8m/s 2 (l/330K)(87-27)K(0.020mf 

Ra D = Zk — T~l ~k — i~T~ = 27 ' 981 

18.91x10 °rn/sx 26.94x10 0 m z /s 



Nud = 



0.60 + - 



0.387Rao 6 



l + (0.559/Pr)' 



9/16 



8/27 



Nud = 



0.60 + - 



0.387(27,981) 



1/6 



1 + (0.559/0.7028)' 



9/16 



8/27 



> =5.61 



h D,fc = Nud k/D = 5.61 x 0.02852 W/m • K /0.020m = 8.00 W/ m z - K 

qf c = 8.00 w/ m 2 - K(tt x 0.020m)(87 - 27)° C = 30.2 W/m 

Mixed free and forced convection effects may be significant if 
- / \0.137 



Rep < 4.7 1 Grp /Pr 
Gr D = Rao/Pr, find 

11,076 ?<? 4.7 



where Gr D = Rarj/Pr, find using results from above and in part (a) for co = 5000 rpm, 

nO.137 

= 383 



(27,981/0.7028f /0.7018 

We conclude that free convection effects are not significant for rotational speeds above 5000 rpm. 
(c) Considering radiation exchange between the shaft and the surroundings, 
h rad = so- (T s + T sur ) |t s 2 + T s 4 ur J 

h rad = 0.8 x 5.67 x 10" 8 w/ m 2 - K (360 + 300) ^360 2 + 300 2 j K 3 = 6.57 w/ m 2 - K 
and the heat rate by radiation exchange is 
qrad = h rad (^ D ) ( T s ~ T sur ) 



q rad = 6.57 W/ m z • K (n x 0.020m) (87 - 27) K = 24.8 W/m 

(d) For cross flow of ambient air at a velocity V over the shaft, the convection coefficient can be 
estimated using the Churchill-Bernstein correlation, Eq. 7.54, with 

VD 



Re D,cf -" 



Nu D ,cf = h Dcf D/k = 0.3 + 



0.62Re^ 2 cf Pr 1/3 



[l + (0.4/Pr) 2/3 ] 1/4 



1 + 



Re 



.5/8 



D,cf 



282,000 



4/5 



Continued. 
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PROBLEM 9.63 (Cont.) 



From the plot below (left) for the rotating shaft condition of part (a), hj) rot vs. rpm, note that the 

convection coefficient varies from approximately 75 to 175 W/m 2 • K. Using the IHT Correlations Tool, 
Forced Convection, Cylinder, which is based upon the above relations, the range of air velocities V 

required to achieve hp c f in the range 75 to 175 W/m 2 • K was computed and is plotted below (right). 




Note that the air cross-flow velocities are quite substantial in order to remove similar heat rates for the 
rotating shaft condition. 

COMMENTS: We conclude for the rotational speed and surface temperature conditions, free 
convection effects are not significant. Further, radiation exchange, part (c) result, is less than 10% of the 
convection heat loss for the lowest rotational speed condition. 
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PROBLEM 9.64 

KNOWN: Horizontal pin fin of 6-mm diameter and 60-mm length fabricated from plain carbon steel (k 
= 57 W/m-K, s = 0.5). Fin base maintained at T b = 150°C. Ambient air and surroundings at 25°C. 

FIND: Fin heat rate, q f , by two methods: (a) Analytical solution using average fin surface temperature of 

T s = 125°C to estimate the free convection and linearized radiation coefficients; comment on sensitivity 

of fin heat rate to choice of T s ; and, (b) Finite-difference method when coefficients are based upon local 
temperatures, rather than an average fin surface temperature; compare result of the two solution methods. 

SCHEMATIC: 

*%( Vt" =25 °C 



sur 



-Pin fin, D = 6 mm, 
L = 60 mm, k=57 W/m-K, e = 0.5 



^—T b = 150 °C 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the pin fin, (3) 
Ambient air is quiescent and extensive, (4) Surroundings are large compared to the pin fin, and (5) Fin tip 
is adiabatic. 

PROPERTIES: Table A.4, Air (T f = (f s + T^ )/2 = 348 K): v = 20.72 x 10" 6 m 2 /s, k = 0.02985 W/m-K, 
a = 29.60 x 10" 6 m 2 /s, Pr = 0.7003, 0 = 1/T f . 

ANALYSIS: (a) The heat rate for the pin fin with an adiabatic tip condition is, Eq. 3.76, 

q f = M tanh(mL) (1) 
M = (h tot PkA c ) 1/2 ^ m = (hP/kA c ) 1/2 (2,3) 

P = ^D A c =?rD 2 /4 tf^Tb-T^ (4-6) 

and the average coefficient is the sum of the convection and linearized radiation processes, respectively, 
h to t =h fc + h rad (7) 

evaluated at T s = 125°C with f f = (f s + T^ )jl = 75° C = 348 K . 
Estimating hf c : For the horizontal cylinder, Eq. 9.34, with 

g/JATD 3 

Ra D = 



va 

Continued 
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PROBLEM 9.64 (Cont.) 

9.8 m/ s 2 (1/348K) (125 -25) (0.006m) 3 
Ra D = 1 y/ -f Jy = 991.79 

20.72x10 °m / /sx 29.60x10 °m / /s 



Nud = 



0.60 + ■ 



0.387 Ra 



1/6 
D 



l + (0.559/Pr) 



9/16 



8/27 



Nud =< 



0.60 + 



0.387(991.79) 



1/6 



1 + (0.559/0.7003)' 



9/16 



8/27 



= 2.603 



h fc = Nud k/D = 2.603 x 0.02985 W/m • K/ 0.006m = 12.95 W/ m z - K 
Calculating h rac j : The linearized radiation coefficient is 

hrad = ^(T s +T sur )(T S 2 +T s 2 ur ) (8) 
h rad = 0.5 x 5.67 x 10" 8 w/ m 2 • K 4 (398 + 298) (398 2 + 298 2 ) K 3 = 4.88 w/ m 2 - K 



Substituting numerical values into Eqs. (1-7) , find 
q fin = 2.04W 

with 0^ =125K, A c =2.827 xl0" 5 m 2 , P = 0.01885m, m = 14.44m" 1 , M = 2.909 W, and 



h tot =17.83 w/m 2 -K 



Using the IHT Model, Extended Surfaces, Rectangular Pin Fin, with the Correlations Tool for Free 
Convection and the Properties Tool for Air, the above analysis was repeated to obtain the following 
results. 

T S (°C) 
q f (W) 

(qf -qf, 0 )/qfo ( % ) 

The fin heat rate is not very sensitive to the choice of T s for the range T s = 125 ± 10 °C. For the base 

case condition, the fin tip temperature is T(L) = 114 °C so that T s * (T(L) + T b )/2 = 132°C would be 
consistent assumed value. 



115 


120 


125 


130 


135 


1.989 


2.012 


2.035 


2.057 


2.079 


-2.3 


-1.1 


0 


+1.1 


+2.2 
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PROBLEM 9.64 (Cont.) 



(b) Using the IHT Tool, Finite-Difference Equation, Steady- State, Extended Surfaces, the temperature 
distribution was determined for a 15-node system from which the fin heat rate was determined. The local 
free convection and linearized radiation coefficients h tot = hf c + h ra( j were evaluated at local 

temperatures, T m , using IHT with the Correlations Tool, Free Convection, Horizontal Cylinder, and the 
Properties Tool for Air, and Eq. (8). The local coefficient h tot vs. T s is nearly a linear function for the 
range 1 14 < T s < 150°C so that it was reasonable to represent h tot (T s ) as a Lookup Table Function. The 
fin heat rate follows from an energy balance on the base node, (see schematic next page) 



Considering variable coefficients, the fin heat rate is -3.3% lower than for the analytical solution with the 
assumed T s = 125°C. 

COMMENTS: (1) To validate the FDE model for part (b), we compared the temperature distribution 
and fin heat rate using a constant h tot with the analytical solution ( T s = 125°C). The results were 
identical indicating that the 15-node mesh is sufficiently fine. 

(2) The fin temperature distribution (K) for the IHT finite-difference model of part (b) is 



Tb 


T01 


T02 


T03 


T04 


T05 


T06 


T07 


423 


418.3 V 


414.1 


410.3 


406.8 


403.7 


401 


398.6 


T08 


T09 


T10 


Til 


T12 


T13 


T14 


T15 


396.6 


394.9 


393.5 


392.4 


391.7 


391.2 


391 


390.9 
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qf = q a + % = (0.08949 + 1 .879) W = 1 .97 W 
q a =h b (PAx/2)(T b -T 00 ) 

q b =kA c (T b -Ti)/Ax 



< 



where T b = 150°C, T, = 418.3 K = 145.3°C, and h b = h tot (T b ) = 18.99 W/m 2 • K . 




PROBLEM 9.65 



KNOWN: Diameter, thickness, emissivity and thermal conductivity of steel pipe. Temperature of 
water flow in pipe. Cost of producing hot water. 

FIND: Cost of daily heat loss from an uninsulated pipe. 

SCHEMATIC: 

'Quiescent air\ 



Pcond 




qrad S% 



Steel pipe 

D 0 = 100 mm, D| = 84 mm 
k p = 60 W/m-K, e p = 0.6 



/ /s * q'c 



ASSUMPTIONS: (1) Steady-state, (2) Negligible convection resistance for water flow, (3) 
Negligible radiation from pipe surroundings, (4) Quiescent air, (5) Constant properties. 

PROPERTIES: Table A-4, air (p = 1 atm, T f * 295K): k a = 0.0259 W/m-K. v= 15.45 x 10" 6 m 2 /s, a 
= 21.8 x 10" 6 m 2 /s, Pr = 0.708, /?= 3.39 x 10" 3 K \ 

ANALYSIS: Performing an energy balance for a control surface about the outer surface, q con( j — 
Qconv + Qrad' ^ follows that 



T-T, 



= h7rD o ( T s,o "Too ) + £ptfD 0 oT Sj0 
K cond 



(1) 



where R' cond = Cn(D G /Di)/2;rk p = £n(l00/84)/2;r(60W/m-K) = 4.62x10 4 m K/W. The 
convection coefficient may be obtained from the Churchill and Chu correlation. Hence, with Rao = 
gP (T Sj0 - Too) D 3 / av = 9.8 m / s 2 x 3.39 x 10" 3 K" 1 (0. lm) 3 (t s o - 268K) / ^21.8 x 15.45 x 10~ 12 m 4 / s 2 ) 

= 98,637 (T s o -268), 



Nu, 



0.60- 



0.387 Ra^ 6 



1 + (0.559 /Pr) 



9/16 



8/27 



0.60 + 2.182(t s o -268) 



1/6 



-Nu D =0.259W/m 2 •k|o.60 + 2.182(t s 0 -268) 



1/6 



Substituting the foregoing expression for h , as well as values of Rc 0nc j, D 0 , £ p and a into Eq. (1), an 
iterative solution yields 



T s>0 = 322.9 K = 49.9°C 



It follows that h=6.10W/m K, and the heat loss per unit length of pipe is 

1 — Qconv 



q^ ad =6.10W/m 2 •K(^-x0.1m)54.9K + 0.6(^-x0.1m)5.67xl0 8 W / m 2 • K 4 (322.9K) 4 



= (105.2 + 1 16.2) W/m = 221.4 W/m 
The corresponding daily energy loss is Q' = 0.22 1 kW / mx24h/d = 5 .3 kW • h / m ■ d 

and the associated cost is C = (5.3kW • h / m • d) ($0.05 / kW • h) = $0.265 / m • d < 

COMMENTS: (1) The heat loss is significant, and the pipe should be insulated. (2) The conduction 
resistance of the pipe wall is negligible relative to the combined convection and radiation resistance at 
the outer surface. Hence, the temperature of the outer surface is only slightly less than that of the 
water. 
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PROBLEM 9.66 



KNOWN: Insulated, horizontal pipe with aluminum foil having emissivity which varies 
from 0.12 to 0.36 during service. Pipe diameter is 300 mm and its surface temperature is 
90°C. 



FIND: Effect of emissivity degradation on heat loss with ambient air at 25°C and (a) 
quiescent conditions and (b) cross-wind velocity of 10 m/s. 



SCHEMATIC: 



D=300m, 






ASSUMPTIONS: (1) Steady-state conditions, (2) Surroundings are large compared to pipe, 
(3) Pipe has uniform temperature. 

PROPERTIES: Table A-4, Air (T f = (90 + 25)°C/2 = 330K, 1 atm): v = 18.9 x 10" 6 m 2 /s, k 
= 28.5 x 10" 3 W/m-K, a = 26.9 x 10" 6 m 2 /s, Pr = 0.703. 
ANALYSIS: The heat loss per unit length from the pipe is 



q' = hP(T s -T 00 ) + ^P[T s 4 -X 



4 

sur 



where P = 7tD and h needs to be evaluated for the two ambient air conditions. 



(a) Quiescent air. Treating the pipe as a horizontal cylinder, find 

g/?(T s -Too)D 3 9.8m/s 2 (l/330K)(90-25)K(0.30m) 2 
Raj) = ™> = V _ _ A 1 \ _ — ^ = i.025xlO c 



va 



18.9x10 6 m 2 /sx26.9xl0 6 m 2 /s 



-5 12 

and using the Churchill-Chu correlation for 10 < Rap < 10 . 



Nu D = 



0.60 + ■ 



0.387Ra 



1/6 
D 



1 + (0.559 /Pr)' 



9/16 



8/27 



Nu D = 



0.387 (l. 025 xlO 8 



0.60 + - 



1/6 



1 + (0.559/0.703) 



9/16 



8/27 



= 56.93 



h D =Nu D k/D = 56.93x0.0285 W /m • K/0. 300m = 5.4 W/m K. 



Continued 
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PROBLEM 9.66 (Cont.) 

Hence, the heat loss is 

q' = 5.4 W / m 2 • K (^0.30m) (90 - 25) K + e x 5.67 x 10" 8 W / m 2 • K (^0.300m) ^363 4 - 298 4 ) K 4 

J^ = 0.12^q' = (331 + 6l) = 392W/m < 
q -^ 1 + ^^ = o.36^q' = (331 + 182) = 513W/m < 

The radiation effect accounts for 16 and 35%, respectively, of the heat rate. 

(b) Cross-wind condition. With a cross-wind, find 

VD 10m/sx0.30m , can < 
Re D = = — — — = 1.587 xlO 3 

v 18.9xl0" 6 m 2 /s 
and using the Hilpert correlation where C = 0.027 and m = 0.805 from Table 7.2, 

Nu D =CRe™Pr 1/3 = 0.027^1. 587 xl0 5 j°' 805 (0.703) 1/3 =368.9 

h D =Nu D -k/D = 368.9x0.0285W/m-K/0.300m = 35W/m 2 -K. 

Recognizing that combined free and forced convection conditions may exist, from Eq. 9.64 
with n = 4, 

NuJ, = Nup + NuN h m = ^5.4 4 +35 4 ^ = 35 W/m 2 • K 

we find forced convection dominates. Hence, the heat loss is 

q' = 35 W / m 2 • K (^0.300m) (90 - 25) K + s x 5.67 x 10" 8 W / m 2 • K (^0.300m) ^393 4 - 298 4 j K 4 



,_ 0 , AA , 8 „ \e = 0.12 ->q' = 2144 + 102 = 2246W/m 
q -zi44 + 83^ = 0.36 ^q' = 2144 + 307 = 2451W/m 



< 
< 



The radiation effect accounts for 5 and 13%, respectively, of the heat rate. 

COMMENTS: (1) For high velocity wind conditions, radiation losses are quite low and the 
degradation of the foil is not important. However, for low velocity and quiescent air 
conditions, radiation effects are significant and the degradation of the foil can account for a 
nearly 25% change in heat loss. 

2 

(2) The radiation coefficient is in the range 0.83 to 2.48 W/m K for s = 0.12 and 0.36, 
respectively. Compare these values with those for convection. 
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PROBLEM 9.67 



KNOWN: Diameter, emissivity, and power dissipation of cylindrical heater. Temperature of ambient 
air and surroundings. 

FIND: Steady-state temperature of heater and time required to come within 10°C of this temperature. 
SCHEMATIC: 

Quiescent air, 

Electrical heater 

T,q'= 1000 W/m, s= 0.8 

/c = 240W/m-K, 

3„ - 



T s „ r = 300 K 



D = 0.01 m 




p = 2700 kg/m J ,c p = 900 J/kg-K 



conv 



Using the Correlations Tool 

< 



ASSUMPTIONS: (1) Air is quiescent, (2) Duct wall forms large surroundings about heater, (3) Heater 
may be approximated as a lumped capacitance. 

PROPERTIES: Table A.4, air (Obtained from Properties Tool Pad of IHT). 

ANALYSIS: Performing an energy balance on the heater, the final (steady-state) temperature may be 
obtained from the requirement that q' = q CO nv + Qrad » or 

q' = %D)(T-T 00 ) + h r (^D)(T-T sur ) 

where h is obtained from Eq. 9.34 and h, • = sa (T + T sur ) T + T sur 

Pad of IHT to evaluate h , this expression may be solved to obtain 
T = 854K = 581°C 

Under transient conditions, the energy balance is of the form, E^ t = q' - q conv - qj-ad > or 
pc p (^D 2 A) dT/dt = q' - h (^D) (T - ^ ) - h r (^D) (T - T sur ) 

Using the IHT Lumped Capacitance model with the Correlations Tool Pad, the above expression is 
integrated from t = 0, for which Ti = 562.4 K, to the time for which T = 844 K. The integration yields 

t = 183s < 

The value of T; = 562.4 K corresponds to the steady-state temperature for which the power dissipation is 
balanced by forced convection and radiation (see solution to Problem 7.44). 

COMMENTS: The forced convection coefficient (Problems 7.43 and 7.44) of 105 W/m 2 -K is much 
larger than that associated with free convection for the steady-state conditions of this problem (14.6 
W/m 2 -K). However, because of the correspondingly larger heater temperature, the radiation coefficient 
with free convection (42.9 W/m 2 -K) is much larger than that associated with forced convection (15.9 
W/m 2 -K). 
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PROBLEM 9.68 

KNOWN: Cylindrical sensor of 12.5 mm diameter positioned horizontally in quiescent air at 27°C. 

FIND: An expression for the free convection coefficient as a function of only AT = T s - T^ where T s 
is the sensor temperature. 

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform temperature over cylindrically shaped 
sensor, (3) Ambient air extensive and quiescent. 



PROPERTIES: Table A-4, Air (T f , 1 atm): p = 1/T f and 
T S (°C) T f (K) 



m 6 2 / 
v x 10 m /s 



rn 6 2 / 
a x 10 m /s 



30 
55 
80 



302 
314 
327 



16.09 
17.30 
18.61 



22.8 
24.6 
26.5 



k x 10 W/m-K 

26.5 
27.3 
28.3 



ANALYSIS: For the cylindrical sensor, using Eqs. 9.25 and 9.34, 



Ra D = 



g/?ATD" 



va 



Nu D = 



h D D 



0.60 + - 



0.387Ra 



1/6 
D 



1 + (0.559 /Pr) 



9/16 



8/27 



Pr 

0.707 
0.705 
0.703 



(1,2) 



where properties are evaluated at T f = (T s + T«>)/2. With 30 < T s < 80°C and T^ = 27°C, 302 < T f < 
326 K. Using properties evaluated at the mid-range of Tf, Tf = 314K, find 

9.8m/s 2 (l/314K)AT(0.0125m) 3 
Ra D = y — ^ j-^- = 143.2AT 

17.30x10 b m 2 /sx 24.6x10 V 2 /s 



h D = 



0.0273 W/m-K 
0.0125m 



0.60 + - 



0.387(143AT) 



1/6 



l + (0.559/0.705) 



9/16 



8/27 



r 

h D =2.184jo.60 + 0.734AT 1/6 J' 



(3) < 



COMMENTS: (1) The effect of using a fixed film temperature, T f = 314K = 41°C, for the full 

range 30 < T s < 80°C can be seen by comparing results from the approximate Eq. (3) and the 
correlation, Eq. (2), with the proper film temperature. The results are summarized in the table. 

Eq. (3) 



Correlation 



Ra D >u D 

518 2.281 
4011 3.534 



Nu D h D (w/m 2 -Kj h D (w/m 2 -K) 



4.83 
7.72 



4.80 
7.71 



T s (°C) AT = T s - ^ (°C) 

30 3 
55 28 

The approximate expression for hp is in excellent agreement with the correlation. 

(2) In calculating heat rates it may be important to consider radiation exchange with the surroundings. 
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PROBLEM 9.69 



KNOWN: Thin- walled tube mounted horizontally in quiescent air and wrapped with an electrical tape 
passing hot fluid in an experimental loop. 

FIND: (a) Heat flux qg from the heating tape required to prevent heat loss from the hot fluid when (a) 
neglecting and (b) including radiation exchange with the surroundings, (c) Effect of insulation on q e and 
convection/radiation rates. 

SCHEMATIC: 

Ambient air 



~l~sur Tx 



T =15°C 

oo 



Di = 20 mm 
Do = (2t + Di 




Thin heater, q" e , E h = 0.95 

Insulation, 0^ f^20 mm 
E; = 0.60, kj = 0.050 W/m-K 



Hot fluid 
r m = 45°C 

ASSUMPTIONS: (1) Steady-state conditions, (2) Ambient air is quiescent and extensive, (3) 
Surroundings are large compared to the tube. 

PROPERTIES: Table A.4, Air (T f = (T s + )/2 = (45 + 15)°C/2 = 303 K, 1 atm): v = 16.19 x 10"' 
m 2 /s, a = 22.9 x 10" 6 m 2 /s, k = 26.5 x 10" 3 W/m-K, Pr = 0.707, p = 1/T f . 

ANALYSIS: (a,b) To prevent heat losses from the hot fluid, the heating tape temperature must be 
maintained at T m ; hence T s>i = T m . From a surface energy balance, 

q e = qconv + qrad = (hDj + h r ) ( T s,i " T oo ) 
where the linearized radiation coefficient, Eq. 1.9, is h r = «t(t s j + T^ )^T s 2 j + T^ j , or 

h r = 0.95 x 5.67 xlO" 8 w/m 2 • K 4 (318 + 288)^318 2 + 288 2 J K 3 = 6.01 w/ m 2 • K . 
Neglecting radiation: For the horizontal cylinder, Eq. 9.34 yields 

gj3 (T s i - T^ ) Dj 3 _ 9.8 m/ s 2 (1/303 K) (45 - 15) K (0.020 m) 3 



Ra 



D 



va 



16.19x10 6 m 2 /sx 22.9x10 6 m 2 /s 



20,900 



Nud 



h Dl Di 



0.60 + 



0.387RaD 6 



l + (0.559/Pr) 



9/16 



n8/27 



Continued .... 
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PROBLEM 9.69 (Cont.) 



1 D ; 



0.0265 W/m-K 
0.020 m 



0.60 + 



0.386(20,900) 



1/6 



9/16 



8/27 



6.9()w/m 2 -K 



1 + (0.559/0.707) 
Hence, neglecting radiation, the required heat flux is 

qe =6.90w/m 2 -K(45-15)K = 207w/m 2 -K 

Considering radiation: The required heat flux considering radiation is 
q" e = (6.90 + 6.01) w/m 2 • K(45 - 15) K = 387 w/m 2 • K 



(c) With insulation, the surface energy balance must be modified to account for an increase in the outer 
diameter from D; to D Q = D ; + 2t and for the attendant thermal resistance associated with conduction 
across the insulation. From an energy balance at the inner surface of the insulation, 



q e (^ D i) = qcond = 



2 ^ k i( T m- T s,o) 



ln(D 0 /Di) 
and from an energy balance at the outer surface, 

qcond = qconv + ^md = ^ D o (^D Q + h r ) ( T s,o ~ T oo ) 

The foregoing expressions may be used to determine T s o and q" e as a function of t, with the IHT 
Correlations and Properties Tool Pads used to evaluate hj) o . The desired results are plotted as follows. 



350 



300 



250 



200 



150 



100 





0.004 0.008 0.012 0.016 
Insulation thickness, t(m) 



0.02 



0.004 0.008 0.012 0.016 0.02 
Insulation thickness, t(m) 

Total 

Convection 
Radiation 



By adding 20 mm of insulation, the required power dissipation is reduced by a factor of approximately 3. 
Convection and radiation heat rates at the outer surface are comparable. 

COMMENTS: Over the range of insulation thickness, T s>0 decreases from 45°C to 20°C, while h Do 
and h r decrease from 6.9 to 3.5 W/m 2 -K and from 3.8 to 3.3 W/m 2 -K, respectively. 
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PROBLEM 9.70 



KNOWN: A billet of stainless steel AISI 316 with a diameter of 150 mm and length 500 mm 
emerges from a heat treatment process at 200°C and is placed into an unstirred oil bath maintained at 
20°C. 

FIND: (a) Determine whether it is advisable to position the billet in the bath with its centerline 
horizontal or vertical in order to decrease to the cooling time, and (b) Estimate the time for the billet to 
cool to 30°C for the better positioning arrangement. 

SCHEMATIC: 



Billet 

D = 150 mm 
L = 500 mm, 




Vertical position i Horizontal position 



ASSUMPTIONS: (1) Steady-state conditions for part (a), (2) Oil bath approximates a quiescent 
fluid, (3) Consider only convection from the lateral surface of the cylindrical billet; and (4) For part 
(b), the billet has a uniform initial temperature. 

PROPERTIES: Table A-5, Engine oil (T f = (T s + TJ/2): see Comment 1 . Table A-l, AISI 316 
(400 K): p = 8238 kg/m 3 , c p = 468 J/kg-K, k = 15 W/m-K. 

ANALYSIS: (a) For the purpose of determining whether the horizontal or vertical position is 
preferred for faster cooling, consider only free convection from the lateral surface. The heat loss from 
the lateral surface follows from the rate equation 

q = hA s (T s -T 00 ) 

Vertical position. The lateral surface of the cylindrical billet can be considered as a vertical surface of 
height L, width P = 7tD, and area A s = PL. The Churchill-Chu correlation, Eq. 9.26, is appropriate to 
estimate hj^, 

0.825 + ■ 



Nu L = 



h L L 



0.387 Rai 



1 + (0.492 /Pr) 



9/16 



8/27 



Ra L 



_g/?(T s -T 00 )L 3 



va 



with properties evaluated at Tf = (T s + Tqo)/2. 

Horizontal position. In this position, the billet is considered as a long horizontal cylinder of diameter 
D for which the Churchill-Chu correlation of Eq. 9.34 is appropriate to estimate hp, 

2 

U.JO / IVi''^ 

0.60 + - 



Nu, 



h D D 



0.387 Ra 



D 



1 + (0.559 /Pr) 



9/16 



8/27 
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Ra D = 



PROBLEM 9.70 (Cont.) 

g y 9(T s -T 00 )D 3 



va 

with properties evaluated at Tf. The heat transfer area is also A s = PL. 

Using the foregoing relations in IHT with the thermophysical properties library as shown in Comment 
1, the analysis results are tabulated below. 

Ra L =1.36xlO U Nu L =801 h L = 218 W/m 2 • K (vertical) 

Ra D =3.67xl0 9 Nu D = 245 h D = 221 W/m 2 K (horizontal) 

Recognize that the orientation has a small effect on the convection coefficient for these conditions, but 
we'll select the horizontal orientation as the preferred one. 

(b) Evaluate first the Biot number to determine if the lumped capacitance method is valid. 

_ h D (D 0 12) _ 221 W/m 2 - K(0.150 m/2) _ , 
k ~ 15 W/m-K 

Since Bi » 0. 1 , the spatial effects are important and we should use the one-term series approximation 
for the infinite cylinder, Eq. 5.49. Since hp will decrease as the billet cools, we need to estimate an 

average value for the cooling process from 200°C to 30°C. Based upon the analysis summarized in 

— 2 

Comment 1, use hp = 1 19 W / m • K. Using the transient model for the infinite cylinder in IHT, 
(see Comment 2) find for T(r Q , t 0 ) = 30°C, 

t G =3845 s = 1.1 h < 

COMMENTS: (1) The IHT code using the convection correlation functions to estimate the 

coefficients is shown below. This same code was used to calculate hp for the range 30 < T s < 200°C 

2 

and determine that an average value for the cooling period of part (b) is 1 19 W/m -K. 

/* Results - convection coefficients, Ts = 200 C 

hDbar hLbar D L Tinf_C Ts_C 

221.4 217.5 0.15 0.5 20 200 7 

/* Results - correlation parameters, Ts = 200 C 

NuDbar NuLbar Pr RaD RaL 

244.7 801.3 219.2 3.665E9 1.357E117 

/* Results - properties, Ts = 200 C; Tf = 383 K 

Pr alpha beta deltaT k nu Tf 

219.2 7.1 88E-8 0.0007 180 0.1357 1.582E-5 383 

/* Correlation description: Free convection (FC), long horizontal cylinder (HC), 

10 A -5<=RaD<=10 A 12, Churchill-Chu correlation, Eqs 9.25 and 9.34 . See Table 9.2 . 7 
NuDbar = NuD_bar_FC_HC(RaD,Pr) // Eq 9.34 

NuDbar = hDbar * D / k 

RaD = g * beta * deltaT * D A 3 / (nu * alpha) //Eq 9.25 

deltaT = abs(Ts - Tint) 

g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tf. 

Tf = Tfluid_avg(Tinf,Ts) 

Continued 
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PROBLEM 9.70 (Cont.) 



/* Correlation description: Free convection (FC) for a vertical plate (VP), Eqs 9.25 and 9.26 . See 
Table 9.2. 7 

NuLbar = NuL_bar_FC_VP(RaL,Pr) // Eq 9.26 

NuLbar = hLbar * L / k 

RaL = g * beta * deltaT * L A 3 / (nu * alpha) //Eq 9.25 



// Input variables 

D = 0.15 
L = 0.5 
Tinf_C = 20 
Ts_C = 200 



// Engine Oil property functions : 

// Units: T(K) 

nu = nu_T("Engine Oil",Tf) 
k = k_T("Engine Oil",Tf) 
alpha = alpha_T("Engine Oil",Tf) 
Pr = Pr_T("Engine Oil",Tf) 
beta = beta_T("Engine Oil",Tf) 



From Table A.5 

// Kinematic viscosity, m A 2/s 
// Thermal conductivity, W/m-K 
// Thermal diffusivity, m A 2/s 
// Prandtl number 

// Volumetric coefficient of expansion, K A (-1 ) 



// Conversions 

Tinf_C = Tint - 273 
Ts_C = Ts - 273 



(2) The portion of the IHT code used for the transient analysis is shown below. Recognize that we 
have not considered heat losses from the billet end surfaces, also, we should consider the billet as a 
three-dimensional object rather than as a long cylinder. 

/* Results - time to cool to 30 C, center and surface temperatures 
D T_xt_C Ti_C Tinf_C r h t 

0.15 30.01 200 20 0.075 119 3845 7 

0.15 33.19 200 20 0 119 3845 

// Transient conduction model, cylinder (series solution) 

// The temperature distribution T(r,t) is 

T_xt = T_xt_trans("Cylinder",rstar,Fo,Bi,Ti,Tinf) // Eq 5.47 

// The dimensionless parameters are 

rstar = r / ro 

Bi = h * ro / k 

Fo= alpha * t / ro A 2 

alpha = VJ (rho * cp) 
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PROBLEM 9.71 



KNOWN: Diameter, initial temperature and emissivity of long steel rod. Temperature of air and 
surroundings. 

FIND: (a) Average surface convection coefficient, (b) Effective radiation coefficient, (c,d) Maximum 
allowable conveyor time. 



SCHEMATIC: 



T sur = 300K 




Steel 

s = 0.4, k= 25 W/m-K 
a = 5.2x 10" 6 m 2 /s, 
T ; = 1000 K 



D = 50 mm 
@ 7" oo = 300K 

ASSUMPTIONS: (1) Negligible effect of forced convection, (2) Constant properties, (3) Large 
surroundings, (4) Quiescent air. 

PROPERTIES: Stainless steel (given): k = 25 W/m-K, a = 5.2 x 10" 6 m 2 /s; Table A.4, Air (T f = 650 K, 
1 aim): v = 6.02 x 10" 5 m 2 /s, a = 8.73 x 10" 5 m 2 /s, k = 0.0497 W/m-K, Pr = 0.69. 

ANALYSIS: (a) For free convection from a horizontal cylinder, 

p ^ _ gy g(T s -T 00 )D 3 _ 9.8m/s 2 (l/650K)(1000-300)K(0.05m) 3 _ 25haQ 5 



av 



6.02 x 8.73 xl0" 10 m 4 /s 2 



The Churchill and Chu correlation yields 



Nud 



0.60 + - 



0.387Ra 1 D /6 



l + (0.559/Pr)' 



9/16 



8/27 



0.60 + 



0.387(2.51xl0 5 



1/6 



1 + (0.559/0.69) 



9/16 



8/27 



9.9 



h = Nud k/D = 9.9 (0.0497 W/m • K) /0.05 m = 9.84W/m -K 

(b) The radiation heat transfer coefficient is 

h r = sa (T s + T sur ) (t 2 + T s 2 ur J = 0.4 x 5 .67 x 10" 8 w/ m 2 • K 4 ( 



1000 



+ 300) K (l000) 2 +(300) 2 



K 2 =32.1w/m 2 -K 



(c) For the long stainless steel rod and the initial values of h and h,, 

Bi = (h + h r )(r D /2) /k = 42.0 w/ m 2 • Kx 0.0125m/25 W/m- K = 0.021 . 
Hence, the lumped capacitance method can be used. 



T T*, _ 600K _ exp (_ Bi . Fo ) = exp (_ 0021Fo ) 



Ti-Too 700 K 



Continued.. 
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PROBLEM 9.71 (Cont.) 



Fo = 7.34 = at/ (r G /2) 2 = 0.0333t 



t = 221 s. 



< 



(d) Using the IHT Lumped Capacitance Model with the Correlations and Properties Tool Pads, a more 
accurate estimate of the maximum allowable transit time may be obtained by evaluating the numerical 
integration, 




t = 245 s 



< 



At this time, the convection and radiation coefficients are h = 975 and h r = 24.5 W/m 2 -K, respectively. 

COMMENTS: Since h and h r decrease with increasing time, the maximum allowable conveyor time is 
underestimated by the result of part (c). 
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PROBLEM 9.72 



KNOWN: Velocity and temperature of air flowing through a duct of prescribed diameter. Temperature 
of duct surroundings. Thickness, thermal conductivity and emissivity of applied insulation. 

FIND: (a) Duct surface temperature and heat loss per unit length with no insulation, (b) Surface 
temperatures and heat loss with insulation. 

SCHEMATIC: 



T sur =0°C 



[AirJ 
T=0°C,h r 




T, 



m 



7" 0 



s,i 's,o 

•-VvW^VW — *- 



'conv, : 



1 cond 



n conv,o 
rVWWV — • T a 



l-VWvNA — • T, 



sur 




u m = 3 m/s 



Insulation, T so 
D 0 = 0.20 m, s 0 = 0.60 
k s = 0.050 W/m-K 



Tm = 70 °C, h; Duct wall, T s / 

D, = 0.15 m, s, = 0.5 

ASSUMPTIONS: (1) Steady-state conditions, (2) Fully-developed internal flow, (3) Negligible duct 
wall resistance, (4) Duct outer surface is diffuse-gray, (5) Outside air is quiescent, (6) Pressure of inside 
and outside air is atmospheric. 

PROPERTIES: Table A.4, Air (T m = 70°C): v = 20.22 x 10" 6 m 2 /s, Pr = 0.70, k = 0.0295 W/m-K; Table 



A.4, Air (T f * 27°C): v = 15.89 x 10 ° m7s, Pr = 0.707, k = 0.0263 W/m-K, a = 22.5 x 10 ° m7s, p = 
0.00333 K" 1 . 

ANALYSIS: (a) Performing an energy balance on the duct wall with no insulation (T s i = T so ), 
qconv,i = qconv,o + q r ad,o h i (^ D i ) ( T m ~ T s,i ) = h o (^ D i ) ( T s,i " T oo ) + qcr (^Dj ) - T^ j 

with ReD,i = u m Di/v = 3 m/s x 0.15 m/(20.22 x 10" 6 m 2 /s) = 2.23 x 10 4 , the internal flow is turbulent, and 
from the Dittus-Boelter correlation, 



u k nm^ 4/5 p 0.3 0.0295 W/m-K, 
hj = — 0.023 Re^ j Pr 



D; 



0.15m 



0.023^2.23 x 10 4 (0.7) 03 = 12.2 w/m 2 - K . 



For free convection, the Rayleigh number is 

gP(T s . - T 00 )Df 9.8 m/s 2 (0.0033)(T S . - 273)(0.15) 3 m 3 



Ra r 



and from Eq. 9.34, 



va 



15.89 x 10 6 m 2 /s x 22.5 x 10" 6 m 2 /s 



^.OSxlO 5 ^-^) 



D: 



0.60- 



0.387RaDi 



l + (0.559/Pr) 



9/16 



8/27 



0.0263 



0.15 



0.387 



0.60- 



3.08xl0 5 (T^-T^) 



1/6 



1 + (0.559/0.707) 



9/16 



8/27 
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PROBLEM 9.72 (Cont.) 



h G =0.175 



0.60 + 2.64 (T S)i -Too) 



1/6 



Hence 



12.2(343 -T s i ) = 0.175 1 0.60 + 2.64(T s i -273) 1/6 | (t^ - 273) + 0.5 x 5.67 x 10 8 T^-(273) 



A trial-and-error solution gives T s [ « 314.7 K « 41.7°C 

The heat loss per unit length is then 

q' = qconv,i ~ 12 - 2 (^ x0.15) (70 - 42) * 163 W/m . 
(b) Performing energy balances at the inner and outer surfaces, we obtain, respectively, 

^conv.i = Qcond 



< 
< 



or, 



and, 



or, 



hi(^Di)(T m -T S!i ) = 



2^k s (T s j T so ) 
ln(D 0 /Di) 



Qcond _ Qconv.o + Qrad.o 
2;rk s( T s,i- T s,o) 



ln(D 0 /Di) 



= h o (^ D o ) ( T s - T oo ) + £o<? (^"Dq ) T s,o " T f 



.4 
l sur 



Using the IHT workspace with the Correlations and Properties Tool Pads to solve the energy balances 
for the unknown surface temperatures, we obtain 

T si =60.8°C T Si0 = 12.5°C < 

With the heat loss per unit length again evaluated from the inside convection process, we obtain 

q' = q C onv,i= 52.8 W/m < 

COMMENTS: For part (a), the outside convection coefficient is h 0 = 5.4 W/m 2 -K < h ; . The outside 
heat transfer rates are q conv o ~ 106 W/m and q ra d,o ~ 57 W/m. For part (b), h Q = 3.74 W/m 2 -K, 
q C onv,o = 29.4 W/m, and q ra d,o = 23.3 W/m. Although T Sji increases with addition of the insulation, 
there is a substantial reduction in T s 0 and hence the heat loss. 
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PROBLEM 9.73 



KNOWN: Biological fluid with prescribed flow rate and inlet temperature flowing through a coiled, 
thin-walled, 5-mm diameter tube submerged in a large water bath maintained at 50°C. 

FIND: (a) Length of tube and number of coils required to provide an exit temperature of T m o = 38°C, 
and (b) Variations expected in T m o for a ±10 % change in the mass flow rate for the tube length 
determined in part (a) . 

SCHEMATIC: 



— Water bath — 
= 7^=50 °C = 



Biological 
fluid 



Tube, D = 5mm; 
coil diameter, D c = 200 mm 



m = 0.02 kg/s 



21 



T ■ - or, 
1 m,i zo ° 



Vo = 38°C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Coiled tube approximates a horizontal tube 
experiencing free convection in a quiescent, extensive medium (water bath), (3) Biological fluid has 
thermophysical properties of water, (4) Negligible tube wall thermal resistance, (5) Biological fluid flow 
is incompressible with negligible viscous dissipation, and (6) Flow in tube is fully developed. 

PROPERTIES: Table A.4 Water - cold side (T m>c = (T m>i + T m , 0 ) / 2 = 304.5 K) : c p , c = 4178 J/kg-K, li c 
= 7.776 x 10" 4 N-s/m 2 , kc= 0.6193 W/m- K , Pr c = 5.263 ; Table A.4, Water - hot side 

(T f = (T s + )/2 = 315.7 K, see comment 1): k h = 0.635 W/m-K , Pr h = 4.11, v h = 6.294 x 10" 7 m 2 /s, 

a h = 1.533 x 10" 7 m 2 /s, p h = 4.054 x 10" 4 K" 1 ; Water (T, = 308.4 K): u s = 7.28 x 10" 4 N-s/m 2 . 

ANALYSIS: (a) Following the treatment of Section 8.3.3, the coil experiences internal flow of the cold 
biological fluid (c) and free convection with the external hot fluid (h). From Eq. 8.45a, we can solve for 

UA S , 



UA S = -rhc pjC In 



L m,o 



l 00 



l m,i J 



= -0.02 kg/s x 4178 J / kg • K x In 



-1 



50-38 
50-25 



= 61.3 W/K 



with A s = 7i:DL and for the overall coefficient U = (1 / h c + 1 / h^ ) , h c and h ^ are the average 
convection coefficients for internal flow and external free convection, respectively. 

Internal flow, h c : To characterize the flow, calculate the Reynolds number, 



Re 



D,c - 



4rh 
7tD/j c 



4x0.02 kg/s 



n x 0.005m x 777.6x10 6 N-s/m 2 



= 6550 



evaluating properties at 

T m =( T m,i +T mjO )/2 = (25 + 38) O C/2-31.5 o C = 304.5K. Note that transition 
to turbulence occurs at a higher Reynolds number in a coiled tube flow, as given by Eq. 8.74, 



Re D,c,cr - Re D,cr 



1 + 12(D/D C ) 



0.5 



2300 x 



1 + 12(0.005 ml 0,2 m) 



0.5 



6664 



Therefore the flow is laminar and the Nusselt number is given by Eq. 8.76 with Eqs. 8.77. 
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Nu 



D,c 



3.66+ 



\3 



PROBLEM 9.73 (Cont.) 

Re D)C (D/D c ) 



+1.158 



,0.5 



1.5" 


1/3 








f \ 






/fc 









0.14 



where 



957(D C /D) 

i+ — — - 

Ref), c Pr c 



b = l + 



0.477 
Pr, 



Substituting numerical values yields Nu ^ = 32.8, therefore 

h c = Nu D c k c / D = 32.8 x 0.6193 W/m • k/ 0.005m = 4( 
External free convection , h^ : For the horizontal tube, Eq. 9.34, 



NuD,h 



h h D 
k h 



0.60 + 



0.387Ra}) /4 



1 + (0.559 /Pr) 



9/16 



8/27 



with 



Ra 



D,h 



gAi(T s -T 00 )D- 
v h a h 



(1) 



(2) 



where T s is the average tube wall temperature determined from the thermal circuit for which i 

h c (T m -T s ) = h h (T s -T 00 ) (3) 
and the average film temperature at which to evaluate properties is 1 

T f =(T s +T 00 )/2 (4) 

i 

We need to guess a value for T s and iterate the solution of the system of equations (1-4) and property 
evaluation until all the equations are satisfied. See Comments 1 and 2. 

Results of the analysis: Using the foregoing relations in IHT (see Comment 2) the following results were 
obtained 



T s =308.4 K, 
Then 



T f =315.7K, 



Ra D =7.53xl0\ 



h h =1078W/m z '-K 



U = (l/h c +l/h h ) 1 =(1/4065 W/m 2 -K + l/1078 W/m 2 - K) 1 =852 W/m 2 -K 



L = UA S / U^-D = 61.3 W/K7 852 W/rrT ■ K x n x 0.005 m = 4.58 m 



< 

Continued... 
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PROBLEM 9.73 (Cont.) 

From knowledge of the tube length with the diameter of the coil D c = 200 mm, the number of coils 
required is 




nT) c n x 0.200m 



< 



(b) With the length fixed at L = 4.58 m, we can backsolve the foregoing IHT workspace model to find 
what effect a ±10% change in the mass flow rate has on the outlet temperature, T m>0 . The results of the 
analysis are tabulated below. 



rh(kg/s) 0.018 0.02 0.022 
„ /„„\ 38.8 38.0 37.3 



m,o 



That is, a +10 % change in the flow rate causes less than a +1°C change in the outlet temperature. While 
this change seems quite small, the effect on biological processes can be significant. 

COMMENTS: (1) For the hot fluid, the Properties section shows the relevant thermophysical properties 
evaluated at the proper average (rather than a guess value for the film temperature). (2) For the tube L/D 
= 4.58 m/0.005 m = 916 which is substantially greater than the entrance length criterion, 0.05Re D = 0.05x 
6550 = 328. Hence, the assumption of fully developed internal flow is justified, especially since the 
entrance length is shorter in a coiled tube. (3) We are slightly outside of the range for Eq. 8.76, since 
1 /? 

Re D?c (D/C) = 1036 > 1000 , but it should give a reasonable estimate. (4) The IHT model for the 

system can be constructed beginning with the Rate Equation Tools, Tube Flow, Constant Surface 
Temperature along with the Correlation Tools for Free Convection, Horizontal Cylinder and the 
Properties Tool for the hot and cold fluids (water). The correlation for the internal flow in a coiled tube 
must be keyed in by hand. The full set of equations is extensive and very stiff. Review of the IHT 
Example 8.6 would be helpful in understanding how to organize the complete model. 
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PROBLEM 9.74 



KNOWN: Volume, thermophysical properties, and initial and final temperatures of a pharmaceutical. 
Diameter and length of submerged tubing. Pressure of saturated steam flowing through the tubing. 

FIND: (a) Initial rate of heat transfer to the pharmaceutical, (b) Time required to heat the 
pharmaceutical to 70°C and the amount of steam condensed during the process. 

SCHEMATIC: 




Saturated steam 

p sa t = 2.455 bars 



Tubing 
D = 15 mm, L = 15 m 



T s = 127°C — t 




p = 1100 kg/m 3 
c = 2000 J/kg-K 
k = 0.250 W/m-K 
Tj = 25°C, T f = 70°C v = 4.0x1 0" 6 m 2 /s 
V=200L Pr= 10, p = 0.002 K" 1 



ASSUMPTIONS: (1) Pharmaceutical may be approximated as an infinite, quiescent fluid of uniform, 
but time-varying temperature, (2) Free convection heat transfer from the coil may be approximated as 
that from a heated, horizontal cylinder, (3) Negligible thermal resistance of condensing steam and tube 
wall, (4) Negligible heat transfer from tank to surroundings, (5) Constant properties. 

PROPERTIES: Table A-4, Saturated water (2.455 bars): T sat = 400K = 127°C, h fg = 2.183 x 10 6 
J/kg. Pharmaceutical: See schematic. 

ANALYSIS: (a) The initial rate of heat transfer is q = hA s (T s - T { ) , where A s = rcDL = 0.707 m 

and h is obtained from Eq. 9.34. With a = v/Pr = 4.0 x 10" ? m 2 /s and Ra D = g/?(T s - T ; ) D 3 /av= 9.8 
m/s 2 (0.002 K' 1 ) (102K) (0.015m) 3 /16 x 10"° mV = 4.22 x 10 6 , 



Nu D =< 



Hence, 



and 



0.60 + - 



0.387 Ra\l 6 



D 



1 + (0.559 /Pr) 



9/16 



8/27 



0.387(4.22xl0 6 



0.60 + - 



1/6 



l + (0.559/10) 



9/16 



8/27 



= 27.7 



h = Nu D k / D = 27.7 x 0.250 W / m • K / 0.015m = 462 W / m z • K 
q = hA s (T s - Ti ) = 462 W / m 2 • K x 0.707 m 2 (102°C) = 33, 300 W 



(b) Performing an energy balance at an instant of time for a control surface about the liquid, 
!M = q (.) = h( t )A s (T s -T(t)) 



where the Rayleigh number, and hence h, changes with time due to the change in the temperature of 
the liquid. Integrating the foregoing equation using the DER function of IHT, the following results are 
obtained for the variation of T and h with t. 



Continued 
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PROBLEM 9.74 (Cont.) 
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The time at which the liquid reaches 70°C is 

t f «855s < 

The rate if increase of T decreases with increasing time due to the corresponding reduction in (T s - T), 
and hence reductions in Ra D , h and q. The Rayleigh number decreases from 4.22 x 10 6 to 2.16 x 

10 6 , while the heat rate decreases from 33,300 to 14,000 W. The convection coefficient decreases 

1/3 4/3 

approximately as (T s - T) , while q ~ (T s - T) . The latent energy released by the condensed steam 
corresponds to the increase in thermal energy of the pharmaceutical. Hence, m c h fg = yC>Vc(Tf -Tj ), 

and 



m c = 



pVc(T f -Tj) _1100kg/m 3 x0.2m 3 x2000J/kg-Kx45°C 



g 



2.183xl0 6 J/kg 



= 9.07 kg 



COMMENTS: (1) Over such a large temperature range, the fluid properties are likely to vary 
significantly, particularly vand Pr. A more accurate solution could therefore be performed if the 
temperature dependence of the properties were known. (2) Condensation of the steam is a significant 
process expense, which is linked to the equipment (capital) and energy (operating) costs associated 
with steam production. 
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PROBLEM 9.75 

KNOWN: Fin of uniform cross section subjected to prescribed conditions. 

FIND: Tip temperature and fin effectiveness based upon (a) average values for free convection and 
radiation coefficients and (b) local values using a numerical method of solution. 

SCHEMATIC: 



7^, = 125°C 




Fin, AISI 316, 
D = 6mm, e = 0.6 



ASSUMPTIONS: (1) Steady-state conditions, (2) Surroundings are isothermal and large compared to the 
fin, (3) One-dimensional conduction in fin, (4) Constant fin properties, (5) Tip of fin is insulated, (6) Fin 
surface is diffuse-gray. 

PROPERTIES: Table A-4, Air (T f = 325 K, 1 atm): v = 18.41 x 10" 6 m 2 /s, k = 0.0282 W/m-K, a = 26.2 
x 10" 6 m 2 /s, Pr = 0.704, p = 1/T f = 3.077 x 10 _3 K _1 ; Table A- 1, Steel AISI 316 (f s =350K): k= 14.3 

W/m-K. 

ANALYSIS: (a) Average value h c and h r : From Table 3.4 for a fin of constant cross section with an 
insulated tip and constant heat transfer coefficient h, the tip temperature (x = L) is given by Eq. 3.75, 

1/2 

m = (hP/kA c ) (1,2) 



coshm(L-x) , . s 
#L = #b — - = #b / cosh (mL) 



cosh mL 

where 0 L = T L - and 0b = T b - T^. For this situation, the average heat transfer coefficient is 

h = h c +h r (3) 

and is evaluated at the average temperature of the fin. The fin effectiveness Sf follows from Eqs. 3.81 and 
3.76 



M = (hPkA c ) 1/2 ^. 



Sf = q f /hA c>b 0b, q f =M-tanh(mL), M = (hPkA c )~ 0 h . (4,5,6) 

To estimate the coefficients, assume a value of T s ; the lowest T s occurs when the tip reaches T x . That 
is, 

T s =(T 00 +T b )/2 = (27 + 125)°c/2 = 76° «350K T f = (T s + T^ )/l = 325 K. 

The free convection coefficient can be estimated from Eq. 9.33, 

>D 



Nu D =^ = CRa T 1 
k 



(7) 



gMTD 3 9.8m/s 2 x3.077xl0 3 K 1 (350 -300)K (0.006 mV 
Rapj) = — = — — — -r — — — = 675 



va 



18.41x10 6 m 2 /sx26.2xl0 6 m 2 /s 



and from Table 9. 1 with 10 2 < Ra L < 10 4 , C = 0.850 and n = 0. 188. Hence 
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0.0282 W/m-K 



PROBLEM 9.75 (Cont.) 

0.850(675) 0 - 188 =13.6w/m 2 -K 



(8) 



0.006m 

The radiation coefficient is estimated from Eq. 1.9, 
h r = ea (T s + T sur ) (t 2 + T s 2 ur ) 

h r =0.6x5.67xl0" 8 w/m 2 -K 4 (350 + 300)(350 2 + 300 2 jK 3 = 4.7w/m 2 -K (9) 

Hence, the average coefficient, Eq. (3), is 

' .2 



h = (13.6 + 4.7) W/rri • K = 18.3 W/rri • K. 
Evaluate the fin parameters, Eq. (2) and (6) with 

p = ^-D = tz-x 0.006m = 1.885 x 10" 2 m A c = ;rD 2 /4 = ;r(0.006m) 2 /4 = 2.827 x 10" 5 m 2 

1/2 

m = |18.3W/m 2 -Kxl.885xl0 2 m/l4.3w/m-Kx2.827xl0" 5 'l = 29.21m" 1 



M = |l8.3 w/m 2 -Kxl. 885x10 2 mx 14 • 3 w/m- K x 2.827 x 10 5 m 2 )^ 2 (125 - 27)K = 1.157 W. 
From Eq. (1), the tip temperature is 

0 L =T L -T b =(125- 27) K^cosh (29.21m -1 x 0.050m) = 43.2K T L = 70.2°C = 343 K . < 

Note this value of T L provides for T s « 370 K; so we underestimated T s . For best results, an iteration is 
warranted. The fin effectiveness, Eqs. (4) and (5), is 

1 



q f = 1. 157 Wtanh 29.21m A x 0.050m =1.039 W 



s { =1.039W/18.3/W/m z -Kx2.827xl0" 5 m 2 (l25-27)K = 20.5. < 

(b) Local values h c and h r : Consider the nodal arrangement for using a numerical method to find the tip 
temperature T L , the heat rate q f , and the fin effectiveness s. 



T 1' $ % \ T 19< 



T 20i 



-Ax = 2.5mm 



x,m 



From an energy balance on a control volume about node m, the finite-difference equation is of the form 



L m 



D 



T m+1 + T m _! + (h c + h r ) (4Ax 2 /kD) ^ \ / 2 + (h r + h c ) (4Ax 2 /kD 
ient h c 
CRa° 



(10) 



The local coefficient h c follows from Eq. (3), with Eq. 9.33, yielding 
k 



0.0282 W/m-K 



xO.188 



0.850(675[AT/(350-300)]) U ' 1O ° =6.517(T m -300)°- 188 .(ll) 



0.006 m 

The local coefficient h r follows from Eq. (9), 

h r = 0.6 x 5.67 x 10~ 8 W/m 2 • K 4 (T m + 300)(T 2 + 300 2 ) 
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PROBLEM 9.75 (Cont.) 



h r = 3.402xlO~ 8 (T m + 300)(T m +300^ 



(12) 



The 20-node system of finite-difference equations based upon Eq. (10) with the variable coefficients h c 
and h r prescribed Eqs. (1 1) and (12), respectively, can be solved simultaneously using IHT or another 
approach. The temperature distribution is 



Node 


T m (K) 


Node 


T m (K) 


Node 


T m (K) 


Node 


T m (K) 


1 


391.70 


6 


367.61 


11 


353.02 


16 


345.49 


2 


385.95 


7 


364.03 


12 


351.00 


17 


344.70 


3 


380.70 


8 


360.81 


13 


349.25 


18 


344.15 


4 


375.92 


9 


357.91 


14 


347.75 


19 


343.82 


5 


371.56 


10 


355.32 


15 


346.50 


20 


343.71 



From these results the tip temperature is 
T L = T fd = 343.7 K = 70.7° C . 
The fin heat rate follows from an energy balance for the control surface about node b. 



If — Iconv + Qcond 



Ax , Tu - Ti 

q f =h b P — (T b -T 00 ) + kA c ^-^ 
2 Ax 



L 



conv 



Qcond 



+- Ax/2 



where h b follows from Eqs. (11) and (12), with T b = 125C = 398 K, 

h b = 6.5 17 (398 - 300)°- 188 +3.402 x 10" 8 (398 + 300) ^398 2 + 300 2 j = 21 .33 w/m 2 ■ K 

q f =21.33 w/ m 2 K x 1 .855 x 10" 2 m(0.0025 m/2) (398 - 300) K 



, 2 (398 -391.70) K 

+14.3 W/m-Kx 2.827x10 J rrT ± '— 

0.0025m 

The effectiveness follows from Eq. (4) 

.2 T ^..n 00-7.. 1 A-5„2, 



= (0.049 + 1.018)W = 1.067 W. 



s { = 1.067 W/21.33W/m -Kx2.827xl0 3 m z (l25-27)K = 18.1 

COMMENTS: (1) The results by the two methods of solution compare as follows: 
Coefficients T(L),K q^W) gf 



average 
local 



343.1 
343.7 



1.039 
1.067 



20.5 
18.1 



The temperature predictions are in excellent agreement and the heat rates very close, within 4%. 

(2) To obtain the finite-different equation for node n = 20, use Eq. (10) but consider the adiabatic surface 
as a symmetry plane. 
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PROBLEM 9.76 



KNOWN: Horizontal tubes of different shapes each of the same cross-sectional area transporting a 
hot fluid in quiescent air. Lienhard correlation for immersed bodies. 



FIND: Tube shape which has the minimum heat loss to the ambient air by free convection. 

SCHEMA TIP- 

yi i ^-s^c 



9 



■40mm 

I 



□ 

f=4 l < — > l ZOmm 

CD Cg) 



2.2,.5bmm 




ASSUMPTIONS: (1) Ambient air is quiescent, (2) Negligible heat loss by radiation, (3) All shapes 
have the same cross-sectional area and uniform surface temperature. 

PROPERTIES: Table A-4, Air (T f « 300K, 1 atm): v = 15.89 x 10" 6 m 2 /s, a = 22.5 x 10" 6 m 2 /s, k = 
0.0263 W/m-K, Pr = 0.707, p = 1/T f . 

ANALYSIS: The Lienhard correlation approximates the laminar convection coefficient for an 
immersed body on which the boundary layer does not separate from the surface by 

Nu^, = (hf)/k = 0.52Ra^ , where the characteristic length, I, is the length of travel of the fluid in 

the boundary layer across the shape surface. The heat loss per unit length from any shape is 
q' = hP (T s - T^ ) . For the shapes, 

gMTf 3 9.8m/s 2 (l/300K)(35-25)K^ 3 m 3 8 * 

Ra^ =^ = L__ >± >—— — = 9.137x10* 1 



va 



15.89x10 6 m 2 /sx22.5xl0 6 m 2 /s 



h f =(0.0263W/m-K/^)0.52(9.137xl0 8 ^ 3 j 1/4 = 2.378r 
For the shapes, £ is half the total wetted perimeter P. Evaluating h^andq', find 



-1/4 



Shape 

1 

2 
3 
4 



P(mm) l(mm) h^W/m 2 -K) q'(W/m) 



2 x 40 + 2 x 10 = 100 50 

4 x 20 = 80 40 

4 x 20 = 80 40 

7i x 22.56 = 70.9 35.4 



5.03 
5.32 
5.32 
5.48 



5.03 
4.26 
4.26 
3.89 



Hence, it follows that shape 4 has the minimum heat loss. < 

COMMENTS: Using the Lienhard correlation for a sphere of D = 22.56 mm, find I = 35.4mm, the 

2 

same as for a cylinder, namely, I14 = 5.48 W/m -K. Using the Churchill correlation, Eq. 9.35, find 
— 2 

h = 7.69 W/m • K. Hence, the approximation for the sphere is 29% low. For a cylinder, using Eq. 



9.34, find h=5.15W/m -K. The approximation for the cylinder is 6% high. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 9.77 



KNOWN: Sphere of 2-mm diameter immersed in a fluid at 300 K. 



FIND: (a) The conduction limit of heat transfer from the sphere to the quiescent, extensive fluid, Nu DiCond 
= 2; (b) Considering free convection, surface temperature at which the Nusselt number is twice that of 
the conduction limit for the fluids air and water; and (c) Considering forced convection, fluid velocity at 
which the Nusselt number is twice that of the conduction limit for the fluids air and water. 

SCHEMATIC: 





(a) 



(b) 



(c) 



ASSUMPTIONS: (1) Sphere is isothermal, (2) For part (a), fluid is stationary, and (3) For part (b), fluid 
is quiescient, extensive. 

ANALYSIS: (a) Following the hint provided in the problem statement, the thermal resistance of a 
hollow sphere, Eq. 3.36 of inner and outer radii, x x and r 2 , respectively, and thermal conductivity k, is 



Rt,cond — 



1 



4;rk 



1 _ 1 

U r 2 J 



and as r 2 — > oo, that is the medium is extensive 
11 

l ' COnd ~ 4^~~ 2^kD 
The Nusselt number can be expressed as 

hD 



Nu 



and the conduction resistance in terms of a convection coefficient is 

R - 1 - 1 

*M,cond - , . - 9 

hA s h^-D 2 
Combining Eqs. (3) and (4) 

Jl/R t ,cond^D 2 )D _ [l/(l/2^kD)(^ 



(1) 



(2) 



(3) 



(4) 



N UD,cond = k k 

(b) For free convection, the recommended correlation, Eq. 9.35, is 

— 0.589Rr 1/4 
Nud =2 + 



D 



D 



l + (0.469/Pr) 



9/16 



4/9 



Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 9.77 (Cont.) 



Ra D = 



g/?ATD 3 



AT = T S -T C 



GO 



va 



where properties are evaluated at T f = (T s + T^) / 2. What value of T s is required for Nud = 4 for the 
fluids air and water? Using the IHT Correlations Tool, Free Convection, Sphere and the Properties Tool 
for Air and Water, find 




Water. T S = 301.1K 



< 



(c) For forced convection, the recommended correlation, Eq. 7.56, is 




where properties are evaluated at , except for |i s evaluated at T s .What value of V is required for 

Nud = 4 if the fluids are air and water? Using the IHT Correlations Tool, Forced Convection, Sphere 
and the Properties Tool for Air and Water, find (evaluating all properties at 300 K) 



Air. V = 0.17 m/s Water. V = 0.00185 m/s < 



COMMENTS: (1) For water, Nud = 2x NuD,cond can be achieved by AT « 1 for free convection 
and with very low velocity, V< 0.002 m/s, for forced convection. 

(2) For air, Nud = 2x NuD,cond can be achieved in forced convection with low velocities, V< 0.2 m/s. 

In free convection, Nud increases with increasing T s and reaches a maximum, NuD,max = 3.1, around 

450 K. Why is this so? Hint: Plot Ra D as a function of T s and examine the role of p and AT as a 
function of T s . 
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PROBLEM 9.78 

KNOWN: Sphere with embedded electrical heater is maintained at a uniform surface temperature 
when suspended in various media. 

FIND: Required electrical power for these media: (a) atmospheric air, (b) water, (c) ethylene glycol. 
SCHEMATIC: 




ASSUMPTIONS: (1) Negligible surface radiation effects, (2) Extensive and quiescent media. 
PROPERTIES: Evaluated at T f = (T s + = 330K: 





v-10 6 , rn7s 


k-10 3 , W/m-K 


oc-10 6 , m 2 /s 


Pr 


p-10 3 , K" 1 


Table A-4, Air (1 atm) 


18.91 


28.5 


26.9 


0.711 


3.03 


Table A-6, Water 


0.497 


650 


0.158 


3.15 


0.504 


Table A-5, Ethylene glycol 


5.15 


260 


0.0936 


55.0 


0.65 



ANALYSIS: The electrical power (P e ) required to offset convection heat transfer is 

x2, 



q C onv=hA s (T s -T o0 ) = ^hD 2 (T s -T o0 ). 



(1) 



The free convection heat transfer coefficient for the sphere can be estimated from Eq. 9.35 using Eq. 
9.25 to evaluate Rao- 

'Pr>0.7 



Nu D =2 + 



0.589Ra 



1/4 
D 



1 + (0.469 /Pr)' 



9/16 



4/9 



Ra D = 



g /? AT D~ 



Ul 



va 



(2,3) 



(a) For air 

Ra D 



Ra D < 10 

9.8m/ s 2 ^3.03 x 10" 3 K" 1 j (94 - 20) K (0.025m) 3 



18.91x10 6 m 2 /sx26.9xl0 6 m 2 /s 



6.750 xlO 4 



r k— 0.0285W/m-K 

h D =_Nu n = 

D 0.025m 



0.589f6.750xl0 4 



2 + - 



1/4 



l + (0.469/0.71l)' 



9/16 



4/9 



= 10.6W/m z -K 



q conv = n x 10.6 W / m 2 • K (0.025m) 2 (94 - 20) K = 1 .55 W. 



Continued 
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PROBLEM 9.78 (Cont.) 

(b,c) Summary of the calculations above and for water and ethylene glycol: 



Fluid 



Ra D h D (w/m 2 -Kj q(W) 



Air 6.750 x 10 4 10.6 1.55 < 

Water 7.273 x 10 ? 1299 187 < 

Ethylene glycol 15.82 x 10 6 393 57.0 < 

COMMENTS: Note large differences in the coefficients and heat rates for the fluids. 
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PROBLEM 9.79 

KNOWN: Surface temperature and emissivity of a 20W light bulb (spherical) operating in room air 

FIND: Heat loss from bulb surface. 

SCHEMATIC: 

r Sph< : ricat 9 lss* bulb, 

P e -ZOW V-^> & 




<"9K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Quiescent room air, (3) Surroundings much larger 
than bulb. 

PROPERTIES: Table A-4, Air (T f = (T s + = 348K, 1 atm): v = 20.72 x 10" 6 m 2 /s, k = 0.0298 
W/m-K, a = 29.6 x 10" 6 m 2 /s, Pr = 0.700, p = 1/T f . 

ANALYSIS: Heat loss from the surface of the bulb is by free convection and radiation. The rate 
equations are 

l sur 



q = q C onv+qrad =hA s (T s -T 00 ) + ^A s cr T s -X 



where A s = itD . To estimate h for free convection, first evaluate the Rayleigh number. 

g/?ATD 3 9.8m/s 2 (l/348K)(l25-25)K(0.040m) 3 « 
Ra D =— = , ~ — ^ = 2.93xl(T 



va 



20.72x10 6 m 2 /sx29.6xl0 6 m 2 /s 



Since Pr > 0.7 and Rap < 10 , the Churchill relation, Eq. 9.35, is appropriate. 



Nu D =2 + 



0.589Ra 



1/4 
D 



0.5891 2.93 xl0 f 



1 + (0.469 /Pr) 



9/16 



4/9 



2+- 



1/4 



1 + (0.469/ 0.700) 



9/16 



4/9 



12.55 



h = Nu D k / D = 12.55 (0.0298 W/m-K) / 0.040m = 9.36 W / m 2 • K. 
Substituting numerical values, the heat loss from the bulb is, 



q = ^(0.040m) 2 



W 



9.36 (125 - 25) K + 0.80 x 5.67 x 10" 



W 



2 V 
m • K 



2 „4 
m • K 



(125 + 273) 4 -(25 + 273) 4 



K 



q = (4.70 + 3.92)W = 8.62W. < 

COMMENTS: (1) The contributions of convection and radiation to the surface heat loss are 
comparable. 

(2) The remaining heat loss (20 - 8.62 = 1 1.4 W) is due to the transmission of radiant energy (light) 
through the bulb and heat conduction through the base. 
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PROBLEM 9.80 

KNOWN: A copper sphere with a diameter of 25 mm is removed from an oven at a uniform 
temperature of 85 C and allowed to cool in a quiescent fluid maintained at 25°C. 

FIND: (a) Convection coefficients for the initial condition for the cases when the fluid is air and 
water, and (b) Time for the sphere to reach 30°C when the cooling fluid is air and water using two 
different approaches, average coefficient and numerically integrated energy balance. 

SCHEMATIC: 

T s (0)= 85°C 





Water or air / \ Copper sphere 

To, = 25°C D = 25 mm 

ASSUMPTIONS: (1) Steady-state conditions for part (a); (2) Low emissivity coating makes 
radiation exchange negligible for the in-air condition; (3) Fluids are quiescent, and (4) Constant 
properties. 

PROPERTIES: Table A-4, Air (T f = (25 + 85)°C/2 = 328 K, 1 atm): v = 1.871 x 10" 5 m 2 /s, k = 

0.0284 W/m-K, a = 2.66 x 10" 5 m 2 /s, Pr = 0.703, P = 1/T f ; Table A-6, Water (T f = 328 K): v = 5.121 

x 10" 7 m 2 /s, k = 0.648 W/m-K, a = 1.57 x 10" 7 m 2 /s, Pr = 3.26, p = 4.909 x 10" 4 K" 1 ; Table A-l, 

Copper, pure ( T = (25 + 85)°C/2 = 328 K): p = 8933 kg/m 3 , c = 382 J/kg-K, k = 399 W/m-K. 

ANALYSIS: (a) For the initial condition, the average convection coefficient can be estimated from 
the Churchill-Chu correlation, Eq. 9.35, 

- heD 0.589 Ra^ 4 

l + (0.469/Pr) 9 " 6 

RaD=g/; (T s -T„)D 3 m 
va 

with properties evaluated at Tf = (T s + Too)/2 = 328 K. Substituting numerical values find these 
results: 

Fluid Ts (° C) Tf(K) Ra D Nu D h D (W/m 2 -K) 



Air 85 328 5.62x10 899 102 

Water 85 328 5.61xl0 ? 46 - 8 1213 



< 
< 



(b) To establish the validity of the lumped capacitance (LC) method, calculate the Biot number for the 
worst condition (water). 

hr>(D/3) 2 / \ -3 

Bi = -^ ^ = 1213 W/m -K(0.025 m/3)/399 W/m-K = 2.5xl0 J 

k v ' 

Since Bi « 0.1, the sphere can be represented by this energy balance for the cooling process 

dT s 

E in _ E out - E st -Qcv - Mc — 

dt 

-h D A s (T s -T 00 ) = /7Vc^- (3) 

dt 

2 3 — 

where A s = tcD and V = tiD /6. Two approaches are considered for evaluating appropriate values for hp. 

Average coefficient. Evaluate the convection coefficient corresponding to the average temperature of 

the sphere, T s = (30 + 85)°C/2 = 57.5°C, for which the film temperature is T f = (T s + Using 

the foregoing analyses of part (a), find these results. 

Continued 
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PROBLEM 9.80 (Cont.) 

Fluid T S (°C) Tf(K) Ra D Nu D h D (W/m 2 -K) 

Air 5X5 314 3J2^ 8J1 9i09 

Water 57.5 314 1.99xl0 ? 37 -! 940 

Numerical integration of the energy balance equation. The more accurate approach is to numerically 
integrate the energy balance equation, Eq. (3), with hp evaluated as a function of T s using Eqs. (1) 

and (2). The properties in the correlation parameters would likewise be evaluated at Tf, which varies 
with T s . The integration is performed in the IHT workspace; see Comment 3. 

Results of the lumped-capacitance analysis. The results of the LC analyses using the two approaches 

are tabulated below, where t 0 is the time to cool from 85°C to 30°C: 

to(s) 

Approach An Water 

Average coefficient 3940 39 

Numerical coefficient 4600 49 

COMMENTS: (1) For these condition, the convection coefficient for the water is nearly two orders 
of magnitude higher than for air. 

(2) Using the average-coefficient approach, the time-to-cool, t 0 , values for both fluids is 15-20% faster 
than the more accurate numerical integration approach. Evaluating the average coefficient at T s 
results in systematically over estimating the coefficient. 

(3) The IHT code used for numerical integration of the energy balance equation and the correlations is 
shown below for the fluid water. 

// LCM energy balance 

- hDbar * As * (Ts - Tint) = M * cps * der(Ts.t) 
As = pi * D A 2 
M = rhos * Vs 
Vs = pi * D A 3 / 6 

// Input variables 

D = 0.025 

// Ts = 85 + 273 // Initial condition, Ts 

Tinf_C = 25 

rhos = 8933 // Table A.1 , copper, pure 

cps = 382 
ks = 399 

/* Correlation description: Free convection (FC), sphere (S), RaD<=1 0 A 1 1 , Pr >=0.7, Churchill 
correlation, Eqs 9.25 and 9.35 . See Table 9.2 . 7 
NuDbar = NuD_bar_FC_S(RaD,Pr) // Eq 9.35 

NuDbar = hDbar * D / k 

RaD = g * beta * deltaT * D A 3 / (nu * alpha) //Eq 9.25 

deltaT = abs(Ts - Tint) 

g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tf. 

Tf = Tfluid_avg(Tinf,Ts) 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

x = 0 // Quality (0=sat liquid or 1 =sat vapor) 

nu = nu_Tx("Water",Tf,x) // Kinematic viscosity, m A 2/s 

k = k_Tx("Water",Tf,x) // Thermal conductivity, W/m-K 

Pr = Pr_Tx("Water",Tf,x) // Prandtl number 

beta = beta_T("Water",Tf) // Volumetric coefficient of expansion, K A (-1 ) (f, liquid, x = 0) 

alpha = k / (rho * cp) // Thermal diffusivity, m A 2/s 

// Conversions 

Ts_C = Ts - 273 
Tint C = Tint - 273 
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PROBLEM 9.81 



KNOWN: Temperatures and spacing of vertical, isothermal plates. 

FIND: (a) Shape of velocity distribution, (b) Forms of mass, momentum and energy equations for 
laminar flow, (c) Expression for the temperature distribution, (d) Vertical pressure gradient, (e) 
Expression for the velocity distribution. 

SCHEMATIC: 



Velocity 
distribution 

vz(x) 




ASSUMPTIONS: (1) Laminar, incompressible, fully-developed flow, (2) Constant properties, (3) 
Negligible viscous dissipation, (4) Boussinesq approximation. 

ANALYSIS: (a) For the prescribed conditions, there must be buoyancy driven ascending and descending 
flows along the surfaces corresponding to T 8i i and T Sj2 , respectively (see schematic). However, 
conservation of mass dictates equivalent rates of upflow and downflow and, assuming constant properties, 
inverse symmetry of the velocity distribution about the midplane. 

(b) For fully -developed flow, which is achieved for long plates, v x = 0 and the continuity equation yields 

^v z /^z = 0 < 

With both surface temperatures independent of z, the fully-developed temperature distribution will also 
have dT/dz = 0 . Hence, there is no net transfer of momentum or energy by advection, and the 
corresponding equations are, respectively, 

0 = -(dp/dz) + / /(d 2 v z /dx 2 )-p(g/g c ) < 

0 = (dT 2 /dx 2 ) < 

(c) Integrating the energy equation twice, we obtain 

T = CiX + C 2 

and applying the boundary conditions, T(-L) = T s ,i and T(L) = T s 2 , it follows that d = -(T Sj i - T Sj2 )/2L and 
C 2 = (T S( i + T Sj2 )/2 = T m , in which case, 



T-T, 



m 



T s,l- T s,2 



x 

2L 



< 

Continued... 
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PROBLEM 9.81 (Cont.) 



(d) From hydrostatic considerations and the assumption of a constant density p m , the balance between the 
gravitational and net pressure forces may be expressed as dp/dz = -p m (g/g c ). The momentum equation is 
then of the form 

0 = //(d 2 v z /dx 2 )-(p-p m )(g/g c ) 

or, invoking the Boussinesq approximation, p - p m « -fip m (T - T m ) , 

d 2 v z /dx 2 = -(Mn///)(g/gc)(T-T m ) 
or, from the known temperature distribution, 

d 2 v z /dx 2 =(y^ m /2 / /)(g/g c )(T M -T S;2 )(x/L) < 

(e) Integrating the foregiong expression, we obtain 

dv z /dx = (^ m /4 / /)(g/g c )(T M -T s?2 )(x 2 /L) + C 1 

v z =(^m/12//)(g/gc)(T s ,i-\ 2 )(x 3 /L) + C 1 x + C 2 

Applying the boundary conditions v z (-L) = v z (L) = 0, it follows that d = 
-(Ap m /l2A)(g/g c )(T sJ -T s2 )L andC 2 = 0. Hence, 



v z =(^ m L 2 /l2 / /)(g/g c )(T sa -T s>2 )^x 3 /L 3 )-(x/L) 



COMMENTS: The validity of assuming fully-developed conditions improves with increasing plate 
length and would be satisfied precisely for infinite plates. 
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PROBLEM 9.82 

KNOWN: Dimensions of vertical rectangular fins. Temperature of fins and quiescent air. 

FIND: Optimum fin spacing and corresponding fin heat transfer rate. 

SCHEMATIC: 



Top view 



Side view 



l^zoJ] nnnr t^ook 

1U U U U T S = 350K~ 



fx 1.5mm T"H 



T 

H-L50mm 



ASSUMPTIONS: (1) Isothermal fins, (2) Negligible radiation, (3) Quiescent air, (4) Negligible heat 
transfer from fin tips, (5) Negligible radiation. 

6 2 

PROPERTIES: Table A-4, Air (T f = 325K, 1 atm): v = 18.41 x 10~ m /s, k = 0.0282 W/m-K, a = 
26.1 x 10" 6 m 2 /s, Pr = 0.703. 



ANALYSIS: From Table 9.3 



S opt =2.71 Ra s /S J H 



-1/4 



2.71 



g/?(T s -Too) 



S opt =2.71 



avH 

9.8m/s 2 (325K) _1 (50K) 



-1/4 



26.1x10 6 m 2 /sxl8.4xl0 6 m 2 /sx0.15m 
From Eq. 9.45 and Table 9.3 

576 2.87 



-1/4 



= 7.12mm 



Nu. 



(Ra s S/L) 2 (Ra s S/L) 1/2 



-1/2 



Ra s (S/L) 



_ g/?(T s - Too )S 4 _ 9.8m/s 2 (325K)- 1 (50K)(7.12xlQ- 3 m) 

25.4xl0 _6 m 2 /sxl8.4xl0" 6 m 2 /sx0.15m 
Ra s (S/L) = 53.2 

-1/2 



Nu, 



576 



2.87 



(53.2) 2 (53.2) 1/2 



[0.204 + 0.393]" 



-1/2 



= 1.29 

2 



h = Nu s k/S = 1.29(0.0282 W/m-K/0.00712m) = 5. 13 W/m-K. 



With N = W/(t + S) = (355 mm)/(8.62 x 10 m) = 41.2 » 41, 

.2 



q = 2Nh(LxH)(T s -T^) = 82^5.13W/m z •Kj(0.02mx0.15m)50K 

q = 63.1W. < 
COMMENTS: 

^opt — 7.12 mm is considerably less than the value of 34 mm predicted from previous 
considerations. Hence, the corresponding value of q = 63.1 W is considerably larger than that of the 
previous prediction. 
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PROBLEM 9.83 



KNOWN: Length, width and spacing of vertical circuit boards. Maximum allowable board 
temperature. 

FIND: Maximum allowable power dissipation per board. 
SCHEMATIC: 

he 5f- S = O. OZSm 

T 




7Z = 17°C 



ASSUMPTIONS: (1) Circuit boards are flat with uniform heat flux at each surface, (2) Negligible 
radiation. 



PROPERTIES: Table A-4, Air (T = 320K, 1 atm) : v = 17.9 x 10" 6 m 2 /s, k = 0.0278 W/m-K, a = 
25.5 x 10" 6 m 2 /s. 

ANALYSIS: From Eqs. 9.41 and 9.46 and Table 9.3, 

qs 



S 



T s ,L-Too k 



48 



- + - 



2.51 



Ra S S/L (Ra^S/L 



2/5 



-1/2 



where Raj S - g « S 



9.8m/s 2 (320K) 1 (0.025 m) 5 q^ 



L kavL 0.0278W/m-K(25.5xl0" 6 m 2 /sj|l7.9xl0" 6 m 2 /sj0.4m 



Ras^ = 58.9q^ 



and 



Hence, 



q s 



s 



0.025 m-qs 



T s,L- T ook (60 K)0.0278W/m-K 

1-1/2 

ORIS 

0.015qs = 



= 0.015qs- 



0.815 0.492 



A trial-and-error solution yields 
q^ =287 W/m 2 . 

Hence, q = 2A s q^ = 2(0.4m) 2 ^287 W/m 2 j = 91.8 W. < 

COMMENTS: Larger heat rates may be achieved by using a fan to superimpose a forced flow on the 
buoyancy driven flow. 
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PROBLEM 9.84 



KNOWN: Dimensions of window and gap between window and insulation. Temperature of window 
and surrounding air. 

FIND: (a) Heat loss through the window and associated weekly cost, (b) Heat loss through window as 
a function of gap spacing. 



SCHEMATIC: 



Window 
T s = 0^C 



r 



S = 5 mm 
< H 



1 




.Insulation 




qs = 0 





L = 1.8 m 



Air 
T M = 15°C 

ASSUMPTIONS: (1) Negligible radiation heat loss. (2) Insulation creates adiabatic condition. 



PROPERTIES: Table A-4, Air (assumed T = 7°C = 280 K): v = 14.11 x 10 ° m7s, k = 0.0247 
W/m-K, a = 19.9 x 10" 6 m 2 /s, p = 1/T = 0.0036 K" 1 . 



ANALYSIS: 

(a) This is a case of free convection in a vertical parallel plate channel. The window can be 
approximated as isothermal and the insulation can be modeled as adiabatic. Therefore we can use 
Equation 9.45 to find the average Nusselt number, with d = 144, C 2 = 2.87 in Table 9.3. We begin by 
calculating the Rayleigh number from Equation 9.38: 



Then 



Ra s 
Ra s 

Nus = 
Nu s = 



gP |T S -T^jS 3 
a v 

9.8 m/s 2 x 0.0036 K" 1 x |0°C - 15°C| x (0.005 m) 3 
19.9 x 10" 6 m 2 /s x 14.11 x 10" 6 m 2 /s 



= 234 



-1-1/2 



(Ra s S/L) 2 (Ra s S/L) 1/2 



144 



+ 



2.87 



(234 x 0.005 m/1.8 m) 2 (234 x 0.005 m/1.8 m) 1/2 



-1/2 



= 0.0538 



(1) 



(2) 



From Equation 9.37 (noting that heat transfer is in the direction from the air to the surface) 
q=Nu~s kA(T m -T s )/S 

= 0.0538 x 0.0247 W/m-K x 1.8 m 2 (15°C - 0°C)/0.005 m 

= 7.2 W 
Then the weekly cost is 

Cost = 7.2 W x 0.08 x 10" 3 $/W-h x 24 h/day x 7 days 

Cost = $0.10 



(3) 
< 



< 

Continued.... 
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PROBLEM 9.84 (Cont.) 



(b) Solving Equations (1), (2), and (3) for 1 mm < S < 20 mm, the following graph can be generated. 




0 5 10 15 20 

S (mm) 



COMMENTS: (1) Despite the poor workmanship there is a significant cost savings. (2) With 
Ra s S/L = 0.65 < 10 in part (a), we could have used the fully developed results, Equation 9.40. 
However this equation is not valid for Ra s S > 10, which corresponds to S > 10 mm. 
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PROBLEM 9.85 



KNOWN: Vertical air vent in front door of dishwasher with prescribed width and height. Spacing 
between isothermal and insulated surface of 20 mm. 

FIND: (a) Heat loss from the tub surface and (b) Effect on heat rate of changing spacing by ± 10 mm. 
SCHEMATIC: 



L^SOOmm \ 



t 



T 



-Z=5Z°C 



-^Lrtsula-hed surface, 
width \N=5&Om-m 

Amb/enj- air, 

T^Z7°C 



S-ZO ir> m — | |<— 

ASSUMPTIONS: (1) Steady-state conditions, (2) Vent forms vertical parallel isothermal/adiabatic 
plates, (3) Ambient air is quiescent. 

PROPERTIES: Table A-4, (T f = (T s + Too)/2 = 312.5K, 1 atm): v = 17.15 x 10" 6 m 2 /s, a = 24.4 x 
10" 6 m 2 /s, k = 27.2 x 10" 3 W/m-K, p = 1/T f . 

ANALYSIS: The vent arrangement forms two vertical plates, one is isothermal, T s , and the other is 
adiabatic (q" = 0) . The heat loss can be estimated from Eq. 9.37 with the correlation of Eq. 9.45 

using Ci = 144 and C 2 = 2.87 from Table 9.3: 

Ra s = g/? ( Ts ~ T °°) S3 = 9 - 8m/g2 ( 1/312 - 5 K)(52-27)K(0.020m) 3 = ^ ^ 



va 



17.15xl0" 6 m 2 /sx24.4xl0 6 m 2 /s 



q = A s( T s- T oo) : 



- + - 



c 2 



(Ra s S/L) 2 (Ra s S/L) 1/2 



-1/2 



(52-27)K 



0.0272W/m-K 



0.020 m 



C 2 



(Ra s S/L) 2 (Ra s S/L) 1/2 



= (0.500x0.580)m 2 x 
-1/2 

= 28.8W.< 



(b) To determine the effect of the spacing at S = 30 and 10 mm, we need only repeat the above 
calculations with these results 



S (mm) 
10 
30 



Ra s 

1874 
50,585 



q(W) 

26.1 

28.8 



< 
< 



Since it would be desirable to minimize heat losses from the tub, based upon these calculations, you 
would recommend a decrease in the spacing. 

COMMENTS: For this situation, according to Table 9.3, the spacing corresponding to the maximum 

3 -1/4 

heat transfer rate 

is S max — (Smax/Sopt) x 2.15(Ra§/S L) — 14.5 mm. Find qmax — 

28.5 W. Note 

that the heat rate is not very sensitive to spacing for these conditions. 
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PROBLEM 9.86 



KNOWN: Dimensions, spacing and temperature of plates in a vertical array. Ambient air 
temperature. Total width of the array. 

FIND: Optimal plate spacing for maximum heat transfer from the array and corresponding number of 
plates and heat transfer. 



SCHEMATIC: 



a — W ar = 150 mm 



Heated plate 
T s = 75°C, W = L 




ASSUMPTIONS: (1) Steady-state, (2) Negligible plate thickness, (3) Constant properties. 
PROPERTIES: Table A-4, air (p = 1 atm, T = 320K) : v= 17.9 x 10" 6 m 2 /s, k = 0.0278 W/m-K, a = 
25.5 x 10" 6 m 2 /s, Pr = 0.704, /?= 0.00313 K" \ 

ANALYSIS: With Ra s /S 3 L = g/?(T s - T^/avL = (9.8 m/s 2 x 0.00313 K 1 x 55°C)/(25.5 x 17.9 x 10" 

12 A 2 10 4 

m /s x 0.3m) = 1.232 x 10 m , from Table 9.3, the spacing which maximizes heat transfer for the 

array is 



2.71 



2.71 



'opt 



Ra s /S J L 



1/4 



1.232xl0 10 m" 4 



1/4 



8.13x10 3 m = 8.13mm 



With the requirement that (N - 1) S opt < W ar , it follows that N < 1 + 150 mm/8. 13 mm = 19.4, in 
which case 

N = 19 < 

The corresponding heat rate is q = N (2WL) h (T s - ) , where, from Eq. 9.45 and Table 9.3, 

nl/2 

2.87 

- + 



h = -Nu, 



576 



(Ra s S/L) 2 (Ra s S/L) 1/2 



With Ra s S/L = (Ra s /S 3 L)S 4 = 1.232 x 10 10 m" 4 x (0.00813m) 4 = 53.7, 



h = 



0.0278 W/m-K 



0.00813m 



576 



2.87 



(53.7) 2 (53.7) 1/2 



= 3.42(0.200 + 0.392) = 2.02 W / m 2 • K 



q = 19(2x0.3mx0.3m)2.02W/m 2 -Kx55°C = 380W < 

COMMENTS: It would be difficult to fabricate heater plates of thickness S «S 0 p t . Hence, subject 
to the constraint imposed on War, N would be reduced, where N < 1 + W ar /(S opt + S). 
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PROBLEM 9.87 



KNOWN: A bank of drying ovens is mounted on a rack in a room with an ambient temperature of 
27°C; the cubical ovens are 500 mm to a side and the spacing between the ovens is 15 mm. 

FIND: (a) Estimate the heat loss from the facing side of an oven when its surface temperature is 
47°C, and (b) Explore the effect of the spacing dimension on the heat loss. At what spacing is the heat 
loss a maximum? Describe the boundary layer behavior for this condition. Can this condition be 
analyzed by treating the oven side-surface as an isolated vertical plate? 



SCHEMATIC: 



T« = 47°C 





T m = 27°C 



T 

1 



Drying oven 

500 mm sides 



Spacing — >| |< — S=15mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Adjacent oven sides form a vertical channel with 
symmetrically heated plates, (3) Room air is quiescent, and channel sides are open to the room air, and 
(4) Constant properties. 

PROPERTIES: Table A-4, Air (T f = (T s + Too)/2 = 310 K, 1 atm): v = 1.69 x 10" 5 m 2 /s, k = 0.0270 
W/m-K, a = 2.40 x 10" 5 m 2 /s, Pr = 0.706, p = 1/T f . 

ANALYSIS: (a) For the isothermal plate channel, Eq. 9.45 with Eqs. 9.37 and 9.38, allow for 
calculation of the heat transfer from a plate to the ambient air. 

n-1/ 2 



Nu, 



Nu c = 



C 



(Ra s S/L) 2 (Ra s S/L) 
q/A S 



1/2 



Ra< 



T s k 



g/?(T s -T 00 )S 2 



av 



(1) 
(2) 

(3) 



where, from Table 9.3, for the symmetrical isothermal plates, C\ = 576 and C2 = 2.87. Properties are 

evaluated at the film temperature Tf. Substituting numerical values, evaluate the correlation 
parameters and the heat rate. 



Ra< 



9.8 m/s 2 (l/310 K)(47-27)K(0.015 m)~ 
2.40 x 10" 5 m 2 / s x 1 .69 x 10~ 5 m 2 / s 



^5267 



Nu, 



1.994 = 



576 



2.87 



(5267x0.015 m/0.50 m) 2 (5267x0.015 m/0.050 m) 1/2 
q / (0.50 x 0.50) m 2 0.015 m 



-1/2 



1.994 



(47 - 27) K 0.0270 W/m-K 



q = 18.0 W 



Continued 
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PROBLEM 9.87 (Cont.) 

(b) Using the foregoing relations in IHT, the heat rate is calculated for a range of spacing S. 



20 



o 
re 
I 



15 



10 



o H 1 1 1 

5 10 15 20 25 

Separation distance, S (mm) 

Note that the heat rate increases with increasing spacing up to about S = 20 mm. This implies that for 
S > 20 mm, the side wall of the oven behaves as an isolated vertical plate. From the treatment of the 

vertical channel, Section 9.7.1, the spacing to provide maximum heat rate from a plate occurs at S max 
which, from Table 9.3, is evaluated by 

Smax =1.71 S opt =0.01964 m = 19.6 mm 

/ . r l/4 

S opt =2.71 Ra s /S J L =0.01147 m 

For the condition S = S max , the spacing is sufficient that the boundary layers on the plates do not 
overlap. 

COMMENTS: Using the Churchill-Chu correlation, Eq. 9.26, for the isolated vertical plate, where 

g — 

the characteristic dimension is the height L, find q = 20.2 W (RaL =1.951 x 10 and h L = 4.03 

2 

W/m -K). This value is slightly larger than that from the channel correlation when S > S max , but a 
good approximation. 
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PROBLEM 9.88 

KNOWN: Inclination angle of parallel plate solar collector. Plate spacing. Absorber plate 
and inlet temperature. 

FIND: Rate of heat transfer to collector fluid. 
SCHEMATIC: 



ASSUMPTIONS: (1) Flow in 
collector corresponds to buoyancy 
driven flow between parallel plates 
with quiescent fluids at the inlet and 
outlet, (2) Constant properties. 









-©=30° 


/// S= 











PROPERTIES: Table A-6, Water (T = 320K) : p = 989 kg/m , c p = 4180 J/kg-K, p. = 577 x 



10" 6 kg/s-m, k = 0.640 W/m-K, (3 = 436.7 x 10" 6 K \ 



ANALYSIS: With 
k 



a = 



0.640W/m-K 



= 1.55x10 7 m 2 /s 



P c p 989kg/m 3 (4180J/kg-K) 
v = ( / // /? ) = |577xl0" 6 kg/s-mj/989kg/m 3 = 5.83xl0" 7 m 2 /s 



find 



Ra s 



S _ g/?(T s -Tqq)S 4 _ 9.8m/s 2 (436.7xlQ- 6 K- 1 )(40K)(0.015m) Z 

(l.55xl0" 7 m 2 /sj(5.83xl0" 7 m 2 /sjl.5m 



avh 



Ra s ^- = 6.39xl0 4 . 



Since Ra s (S/L) > 200, Eq. 9.47 may be used, 

Nu s =0.645[Ra s (S/L)] 1/4 =0.645(6.39xl0 4 j 1/4 =10.3 



h = Nu s — = 10.3(0.64W/m-K /0.015m) = 438 W/m -K. 

s 



Hence the heat rate is 



q = hA(T s -T o0 ) = 438W/m 2 -K(l.5m)(67-27)K = 26,300 W/m. 

COMMENTS: Such a large heat rate would necessitate use of a concentrating solar 
collector for which the normal solar flux would be significantly amplified. 
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PROBLEM 9.89 

KNOWN: Critical Rayleigh number for onset of convection in vertical cavity filled with atmospheric 
air. Temperatures of opposing surfaces. 

FIND: Maximum allowable spacing for heat transfer by conduction across the air. Effect of surface 
temperature and air pressure. 

SCHEMATIC: 



T-, = 22°C 




T 2 = -20°C 
Air, p = 1 atm 



a— l. 



ASSUMPTIONS: (1) Critical Rayleigh number is Ra L;C = 2000, (2) Constant properties. 

PROPERTIES: Table A-4, air [T = (Ti + T 2 )/2 = 1°C = 274K]: v= 13.6 x 10" 6 m 2 /s, k = 0.0242 
W/m-K, a= 19.1 x 10" 6 m 2 /s, fi= 0.00365 K" 1 . 

ANALYSIS: With Ra L;C = gJ3(T 1 - T 2 ) L 3 C lav, 



«vRaL c 
g/?(Ti-T 2 ) 



1/3 



19.1x13.6x10 12 m 4 /s 2 x2000 
9.8 ml s 2 x 0.00365 K" 1 x 42°C 



1/3 



0.007m = 7 mm 



The critical value of the spacing, and hence the corresponding thermal resistance of the air space, 
increases with a decreasing temperature difference, Ti - T 2 , and decreasing air pressure. With v- /ulp 

and a = k//x p , both quantities increase with decreasing p, since p decreases while //, k and c p are 
approximately unchanged. 

COMMENTS: (1) For the prescribed conditions and L c = 7 mm, the conduction heat flux across the 

air space is q" = k (Tj - T 2 ) / L c = 0.0242 W / m • K x 42°C / 0.007m = 145 W / m 2 , (2) With triple pane 

construction, the conduction heat loss could be reduced by a factor of approximately two, (3) Heat loss 
is also associated with radiation exchange between the panes. 
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PROBLEM 9.90 

KNOWN: Temperatures and dimensions of a window-storm window combination. 

FIND: Rate of heat loss by free convection. 

SCHEMATIC: 



Z--I0X 




N^l.Zm Vertical 

i — T t --2or cav,f y 



L=0.0bm \ < > 



ASSUMPTIONS: (1) Both glass plates are of uniform temperature with insulated 
interconnecting walls and (2) Negligible radiation exchange. 

PROPERTIES: Table A-4, Air (278K, 1 atm): v = 13.93 x 10" m /s, k = 0.0245 W/m-K, a 
= 19.6 x 10" m /s, Pr = 0.71, p = 0.00360 K" . 

ANALYSIS: For the vertical cavity, 

g^( T l- T 2)L 3 9 - 8m/s2 ( a00360K " 1 )( 30 ° C )( a06m ) 3 



Ra L 



av 
,5 



19.6xl0" 6 m 2 /sxl3.93xl0" 6 m 2 /s 



Ra L =8.37xl0~ 

With (H/L) = 20, Eq. 9.52 may be used as a first approximation for Pr = 0.71, 

Nu~ L = 0.42 Ra^ /4 Pr 0 " 012 (H/ L)" 0 3 = 0.42(8.37 x 10 5 j'* (0.71) 0 - 012 (20)" 0 "' 
Nu L =5.2 

r ^T" k ^0.0245W/m-K ninTI 2 T , 

h = Nu T — = 5.2 = 2.lW/m -K. 

L L 0.06m 

The heat loss by free convection is then 
q = hA(T l -T 2 ) 

q = 2.lW/m 2 •K(l.2mx0.8m)(30°C) = 61 W. 

COMMENTS: In such an application, radiation losses should also be considered, and 
infiltration effects could render heat loss by free convection significant. 
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PROBLEM 9.91 



KNOWN: Absorber plate and cover plate temperatures and geometry for a flat plate solar 
collector. 

FIND: Heat flux due to free convection. 
SCHEMATIC: 



Cover p/ate J 
L-0,05m 




Absorber plate. 



ASSUMPTIONS: (1) Aspect ratio, H/L, is greater than 12. 



-6 2, 



PROPERTIES: Table A-4, Air (325K, 1 atm): v = 18.4 x 10 m /s, k = 0.028 W/m-K, a 
26.2 x 10" 6 m 2 /s, Pr = 0.703, p = 3.08 x 10" 3 K~\ 

ANALYSIS: For the inclined enclosure, 

g y 9(T 1 -T 2 )L 3 9.8m/s 2 (3.08xl0" 3 K" 1 j(70-35)°C(0.05m) 3 



Ra L 



av 



26.2xl0 _6 m 2 /s)(l8.4xl0 6 m 2 /s| 



Ra L = 2.74x10 . 
With t < r* = 70°, Table 9.4, 



Nu L =1 + 1.44 



1- 



1708 



+ 



rj3 \l/3 
' RaL cos r x 



5830 



RaL cos t 
1 



i 1708(sinl.8r) 
RaL cos r 



1.6 



Nu L =1 + 1.44(0.99)(0.99) + 1.86 = 4.28 

r IT" k ,^ o 0.028W/m-K i v 

h = Nu T — = 4.28 = 2.4W/m -K. 

L L 0.05m 

Hence, the heat flux is 

q" = h(T 1 -T 2 ) = 2.4W/m 2 -K(70-35)°C 

q" = 84W/m 2 . 

COMMENTS: Radiation exchange between the absorber and cover plates will also 
contribute to heat loss from the collector. 
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PROBLEM 9.92 

KNOWN: Dimensions and properties of paraffin slab, initial liquid layer thickness. 
Temperature of the hot surface. 



FIND: (a) Amount of paraffin melted over a period of 5 hours in response to bottom heating, (b) 
Amount of energy used to melt the paraffin and amount of energy needed to raise the average 
temperature of the liquid paraffin, (c) Amount of paraffin melted over a period of 5 hours with 
top heating. 



SCHEMATIC: 




Liquid 

k = 0.15W/m-K 
p = 770 kg/m 3 
v = 5x1 0 -6 m 2 /s 
a = 8.85x10" 8 m 2 /s 
P = 8x1 0" 4 K" 1 
h sf = 244 kJ/kg 



1 mp 



27.4<C 




Case a: Heated from below 



A = 2.5 m 2 



Case b: Heated from above 



ASSUMPTIONS: (1) Constant properties, (2) Neglect change of sensible energy of the liquid, 
(3) One-dimensional heat transfer. 

PROPERTIES: Given, see schematic. 

ANALYSIS: (a) Neglecting the change in the sensible energy, the mass melted is 

M = E/h sf =q"At/h sf = hA(T s -T mp )t/h sf 
Using the Globe and Dropkin correlation, 



h = 0.069k[g/?(T s -T mp )/m] 1/3 Pr (I 
Combining the equations gives 



074 



M = 0.15W/m-Kx0.069x 



9.8m/s 2 xSxlQ^KT 1 x(50-27.4)°C 
5xl(T 6 m 2 /sx8.85xl(r 8 m 2 /s 



1/3 



5xlQ" 6 m 2 /s 
8.85xl(T 8 m 2 /s 



0.074 



2.5m 2 x (50 - 27.4) °C x 5h x 3600s / h 

x i '— 

244xl0 3 J/kg 

= 429 kg 

(b) The energy consumed to melt the paraffin is 



Continued... 
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PROBLEM 9.92 (Cont.) 



E m = Mh sf = 429kg x 244 xl0 3 J /kg = 105 xl0 6 J 
The energy associated with raising the temperature to T = (50°C + 27.4°C)/2 = 38.7°C is 



E s = Mc p (T -T mp ) = M(k//7«)(T -T mp ) 



= 429kg x 



f 0.15W/m-K A 

770kg/m 3 -8.85xl0~ 8 m 2 /s 



: (38.7 -27.4°C) = 10.7 xl0 6 J 



The ratio of the change of sensible energy to energy absorbed in the phase change is 

E s /E m = 10.7x 10 6 J/105xl0 6 J = 0.102 < 

(c) The liquid layer is heated from above. Heat transfer in the liquid phase is by conduction. The 
temperature distribution in the liquid is linear if the change in sensible energy of the liquid is 
neglected. Hence, an energy balance on the control surface shown in the schematic yields 

•• , ( T s- T mp) ds 

s dt 
Separating variables and integrating 



m-Vf dt= f*> sd s or s(t) PW,-T m> ), + 



Therefore, 



2 x 0. 15W / m • K x (50 - 27.4) °C x 5h x 3600s / h 2 



s(t = 5h) = t ^ + (0.01m) 



770kg/m J x244xlO J J/kg 
= 27 x 10 3 m = 27 mm 

M = Ap [s(t = 5h) - sj = 2.5m 2 x 770kg /m 3 x (27 x 10~ 3 m - 10 x 10~ 3 m) = 33.4kg < 

COMMENTS: (1) For the bottom heated case at t = 5 h, the solid4iquid interface is located at 
M/pA + s; = 429 kg/(770 kg/m 3 x 2.5 m 2 ) + 0.01 m = 0.233 m. The Rayleigh numbers associated 
with the bottom heating case range from Ra s = gp\T s - T mp )s ; 3 /va = 9.8m/s 2 x 8 x 10" 4 K-' x (50- 
27.4)°C x (0.01m) 3 /(5 x 10" 6 m 2 /s x 8.85 x 10 8 m 2 /s) = 4 x 10 5 to 5 x 10 9 at t = 5 h. Hence, use of 
the Globe and Dropkin correlation is justified. (2) The ratio of the change in sensible energy to the 
absorption of latent energy is referred to as the liquid phase Stefan number. Since the liquid phase 
Stefan number is much less than unity, it is reasonable to neglect the change of sensible energy of 
the liquid phase when calculating the melting rate or solidTiquid interface location. 
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PROBLEM 9.93 



KNOWN: Rectangular cavity of two parallel, 0.5m square plates with insulated inter-connecting 
sides and with prescribed separation distance and surface temperatures. 

FIND: Heat flux between surfaces for three orientations of the cavity: (a) Vertical x = 90°C, (b) 
Horizontal with x = 0°, and (c) Horizontal with x = 180°. 

SCHEMATIC: 

N--0.5^\ 
% = -2 75 K \ -- 325K 

l=SOmm ^Sy f\T =0, 90, or 160° 

ASSUMPTIONS: (1) Radiation exchange is negligible, (2) Air is at atmospheric pressure. 

PROPERTIES: Table A-4, Air (T f = (Tj + T 2 )/2 = 300K, 1 atm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 

6 2 3 1 

W/m-K, a = 22.5 x 10" m /s, Pr = 0.707, p = 1/T f = 3.333 x 10" K . 

ANALYSIS: The convective heat flux between the two cavity plates is 
qconv =h(Ti-T 2 ) 

where h is estimated from the appropriate enclosure correlation which will depend upon the Rayleigh 
number. From Eq. 9.25, find 

g^(Ti-T 2 )L 3 9.8m/s 2 x3.333xl0" 3 K" 1 (325-275)K(0.05m) 3 < 
Ra L J d— = — ^ -L-\ ^- = 5.710xl0 5 

va 15.89x10 V/sx 22.5x10 b m 2 /s 

Note that H/L = 0.5/0.05 = 10, a factor which is important in selecting correlations. 



(a) With x = 90°, for a vertical cavity, Eq. 9.50, is appropriate, 



Nu L =0.22 



f Pr A 
Ra T 

V0.2 + Pr J 



0.28 



0.22 



' 0.707 5 ^ 0 - 28 
-x5.71xl0 



V 0.2 + 0.707 



(10) 1/4 =4.72 



k— 0.0263W/m-K . „ 0/<0 „ 7/ 2 



h T =-Nu T =- x 4.72 = 2.48 W/rrT-K 

L 0.05m 



qconv =2.48W/m 2 -K(325-275)K = 124W/m 2 < 

(b) With x = 0° for a horizontal cavity heated from below, Eq. 9.49 is appropriate. 

h = ^Nu\ = 0.069 ^Ra| /3 Pr 0 " 074 = 0 .069^^^(5.710x 10 5 ) 1/3 (0.707) 0 " 074 
L L L 0.05m I / v ! 

h = 2.92W/m 2 -K 

qc 0nv =2.92 W/m 2 -K (325 -275) K = 146 W/m 2 . < 

(c) For x = 1 80° corresponding to the horizontal orientation with the heated plate on the top, heat 
transfer will be by conduction. That is, 

Nu~ L =l or h L = Nu~ L -- = 1x0.0263 W/m-K/(0.05m) = 0.526 W/m 2 -K. 

qconv =0.526W/m 2 -K(325-275)K = 26.3W/m 2 < 

COMMENTS: Compare the heat fluxes for the various orientations and explain physically their 
relative magnitudes. 
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PROBLEM 9.94 



KNOWN: Horizontal flat roof and vertical wall sections of same dimensions exposed to identical 
temperature differences. 

FIND: (a) Ratio of convection heat rate for horizontal section to that of the vertical section and (b) 
Effect of inserting a baffle at the mid-height of the vertical wall section on the convection heat rate. 



SCHEMATIC: 



5- 

Sdffle., -part(b) 



rL=0.1m 
1~ 



l=0.1m~H — H 

Vertical wall section 



Horizontal roof section 



T r 18'C 



ASSUMPTIONS: (1) Ends of sections and baffle adiabatic, (2) Steady-state conditions. 
PROPERTIES: Table A-4, Air (T = (T x + T 2 )/2 = 277K, 1 atm) : v = 13.84 x 10" 6 m 2 /s, k = 
0.0245 W/m-K, a = 19.5 x 10" 6 m 2 /s, Pr = 0.713. 
ANALYSIS: (a) The ratio of the convection heat rates is 
qhor _ hhor A s AT _ ^hor 



Qvert 



h vert A s AT 



(1) 



'vert 



To estimate coefficients, recognizing both sections have the same characteristics length, L = 0.1m, 
with Ra L = gPATL 3 /va find 



Ra L 



9.8m/s 2 x(l/277K)(l8-(-10))K(0.1m) 3 
13.84 x 10" 6 m 2 / s x 19.5 x 10" 6 m 2 / s 



3.67x10° 



The appropriate correlations for the sections are Eqs. 9.49 and 9.52 (with H/L = 30), 



Nu, 



hor = 0.069 Ra 1 / 3 p r 0 074 Nu , 



n /ITD !/ 4 r) 0012 fun X 
vert = 0.42 Raj^ Pr (H/LJ 



-0.3 



(3,4) 



Using Eqs. (3) and (4), the ratio of Eq. (1) becomes, 



qhor 



nn^nu 1/3 D 0.074 
0.069 RaL Pr 



/ A\ 1/3 

0.069 3.67x10° (0.713) 



0.074 



qvert 0.42RaL /4 Pr 0 012 (H/L)- a3 0 .4 2 (3.67xl0 6 ) 1/4 (0.713) 0012 (30) 



= 1.57. 



-0.3 



(b) The effect of the baffle in the vertical wall section is to reduce H/L from 30 to 15. Using Eq. 9.52, 
it follows, 



qbaf _h b af _( H/L ) 



0.3 , x-0 3 



baf 



(H/L) 



-0.3 



30 



= 1.23. 



That is, the effect of the baffle is to increase the convection heat rate. 

COMMENTS: (1) Note that the heat rate for the horizontal section is 57% larger than that for the 
vertical section for the same (Ti - T2). This indicates the importance of heat losses from the ceiling or 
roofs in house construction. (2) Recognize that for Eq. 9.52, the Pr > 1 requirement is not completely 
satisfied. (3) What is the physical explanation for the result of part (b)? 
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PROBLEM 9.95 



KNOWN: Dimensions of horizontal air space separating plates of known temperature. 

FIND: (a) Convective heat flux for a 50 mm gap, hot and cold plate temperatures of T h = 200°C 
and T c = 50°C, respectively, (b) Minimum number of thin aluminum sheets needed to suppress 
convection, (c) Conduction heat flux with the sheets in place. 

SCHEMATIC: 




Aluminum 
foil sheets 



ASSUMPTIONS: (1) Constant properties, (2) Steady-state conditions, (3) Foil sheets have 
negligible conduction resistance and negligible thickness. 

PROPERTIES: Table A.4, air: (T f = (200°C + 50°C)/2 = 125°C): k = 0.03365 W/m-K, v = 
2.619 x 10" 5 m 2 /s, a = 3.796 x 10" 5 m 2 /s, Pr = 0.6904. 

ANALYSIS: (a) The Rayleigh number is 

Ra = g/?(T h -T c )L 3 /v-a 

= 9.8m/s 2 x 1 x ( 200- 50)°C x (0.05m) 3 /(2.619 x 10~ 5 m 2 /s x 3.796 x 10~ 5 m 2 /s) 

(125 + 273)K v J 

= 4.64xl0 5 
Using the Globe and Dropkin correlation, 

h L = 0.069(k/L)Ra 1/3 Pr 0074 = 0.069 x (0.03365W/m • K/5 x 10~ 3 m) x (4.64 x 10 5 ) 1/3 x (0.6904)° 
= 3.50 W/m 2 -K 

Therefore, q conv = 3.50W/m 2 • K x (200 - 50)°C = 525W/m 2 < 

(b) For RaLg < 1708, there will be no convection in an air layer. The number of gaps is N g = N + 
1. The gap width is L g = L/(N + 1) and, as a first estimate, the temperature difference across each 
gap is AT g = (T h - T C )/(N + 1). We require 1708 > Ra Lg , or 

Continued... 
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PROBLEM 9.95 (Cont.) 

g/?[(T h -T c )(N + l)][L/(N + l)] 3 



-<1708 



v-a 



or 

9.8m/s 2 x [1/(273 + 125)] KT 1 x [(200 - 50)°C/(N + 1)] x [0.05m/(N + 1)] 3 

; j ; r < 1708 

2.619 xl0~ 5 m 2 /sx 3.796 xl0~ 5 m 2 /s 

from which we may determine N > 3.06. Therefore, we specify N = 4. <! 
(c) Neglecting the thickness and thermal resistance of the foil sheets, 

qcond = k ( T h " T c) /L = 0.03365W/m- Kx (200 -50)°C /0.05m = 101W/m 2 < 

COMMENTS: (1) Installation of the foils results in a 100 - 101/525 = 81 % reduction in heat 
transfer across the large gap. (2) Because of the temperature dependence of the thermophysical 
properties, we should check to make sure the Rayleigh numbers associated with the top and 
bottom gaps do not exceed 1708. Assuming AT g = (T h - T C )/(N + 1) = 150°C/(5) = 30°C and 
evaluating properties at the average gap temperatures of 65°C and 185°C, respectively, we find 
Ra Lg = 1569 for the top gap and 394 for the bottom gap. We therefore conclude that convection is 
in fact suppressed in all the gaps. (3) A more accurate handling of the thermophysical property 
variation would account for the temperature variation of the thermal conductivity in each gap and, 
in turn, the variation in the temperatures of the individual foil sheets. Equating the conduction 
heat transfer through each gap and evaluating the thermal conductivity for each gap at the average 
air temperature in the gap, one finds (using an iterative procedure or IHT) foil temperatures of 
(top to bottom): Ti = 84.3°C, T 2 = 116.1°C, T 3 = 145.7°C and T 4 = 173.6°C. Values of Ra Lg are 
1742 and 340 for the top and bottom gaps, respectively. Hence, with 4 foils, the top gap will 
experience very weak convection and a conservative specification would call for installation of N 
= 5 foils. (4) As will become evident in Chapter 13, the foils will also reduce radiation heat 
transfer across the gap. 
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PROBLEM 9.96 



KNOWN: Double-glazed window of variable spacing L between panes filled with either air or 
carbon dioxide. 

FIND: Heat transfer across window for variable spacing when filled with either gas. Consider these 
conditions (outside, Tj; inside, T2): winter (-10, 20°C) and summer (35°C, 25°C). 

SCHEMATIC: 

// / / / //. 




//////// 



ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange is negligible, (3) Gases are at 
atmospheric pressure, (4) Perfect gas behavior. 

PROPERTIES: Table A-4: Winter, T = (-10 + 20)°C/2 = 288K, Summer, f = (35 + 25)°C/2 = 303K : 



Gas 


T 


a 


V 


kx 10 3 


(1 atm) 


(K) 


(m 2 /s x 10 6 ) 


(m 2 /s x 10 6 ) 


(W/m-K) 


Air 


288 


20.5 


14.82 


24.9 


Air 


303 


22.9 


16.19 


26.5 


C0 2 


288 


10.2 


7.78 


15.74 


C0 2 


303 


11.2 


8.55 


16.78 



ANALYSIS: The heat flux by convection across the window is 
q" = h(T,-T 2 ) 

where the convection coefficient is estimated from the correlation of Eq. 9.53 for large aspect ratios 
10< H/L < 40, for which h is independent of L, 

Nu" L =hL/k-0.046Ra 1 L /3 . 
Substituting numerical values for winter (w) and summer (s) conditions, 
9.8m/s 2 (l/288K)(20-(-10))KL 3 



Ra T 



w,air 



20.5x10 6 m 2 /sxl4.82xl0 6 m 2 /s 



■ = 3.360 xl0 9 L 3 



8.724 xl0 8 L 3 



l L,s,air 

the heat transfer coefficients are 



Ra L,w,C0 2 = 1-286 xl0 10 L 3 



Ra L,s,C0 2 = 3.378 xl0 9 L 3 



h w,air = (0.0249 W / m • K / L) x 0.046 ^3.360 x 10 9 L 3 3 = 1 .72W / m 2 • K 



h s>air =1.16W/m' 



•K h 



w,C0 2 : 



:1.70W/m z -K 



1 s,C0 2 



= 1.16W/m z K. 



11.6W/ni qw,C0 2 =50.9W/rn qg >co = 1 1.6 W /m' 



Thus, 

q'w,air =51.5W/m 2 q" sak 

COMMENTS: (1) The correlation is valid for 10 6 < Ra L < 10 9 . As an example, for a spacing L = 10 
mm, the Rayleigh number would be less than 10 6 in all four cases, and Eq. 9.52 should be used 
instead. However, note that H/L = 150, which is out of the range of validity of both correlations. (2) 
For this particular case, the smaller k for CO2 is almost exactly offset by the smaller a and v which 
lead to larger Ra L , and there is very little difference between the results for air and C0 2 . 
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PROBLEM 9.97 

KNOWN: Dimensions of double pane window. Thickness of air gap. Temperatures of room and 
ambient air. 

FIND: (a) Temperatures of glass panes and heat rate through window, (b) Resistance of glass pane 
relative to smallest convection resistance. 

SCHEMATIC: 




L = 0.025 m 
L p = 0.006 m 




H = 1 m 




ASSUMPTIONS: (1) Steady-state, (2) Negligible glass pane thermal resistance, (3) Constant 
properties. 

PROPERTIES: Table A-3, Plate glass: k p = 1.4 W/m-K. Table A-4, Air (p = 1 atm). T fii = 287.6K: 
H = 14.8 x 10" 6 m 2 /s, k } = 0.0253 W/m-K, a, = 20.9 x 10" 6 m 2 /s, Pr 4 = 0.710, # = 0.00348 K~\ T = 
(T s ,i + T s>0 )/2 = 272.8K: v= 13.49 x 10" 6 m 2 /s, k = 0.0241 W/m-K, a = 18.9 x 10" 6 m 2 /s, Pr = 0.714, 
P= 0.00367 K" 1 . T f , 0 = 258.2K: v 0 = 12.2 x 10" 6 m 2 /s, k Q = 0.0230W/m-K, a= 17.0 x 10" 6 m 2 /s, Pr 
= 0.718, 0.00387 K \ 



ANALYSIS: (a) The heat rate may be expressed as 
q = q G =hoH 2 (T so -T 00)O ) 

q = q g =h g H 2 (T si -T so ) 

q = qi =h i H 2 (T ooi -T si ) 
where h G and hj may be obtained from Eq. (9.26), 

.1/6 



(1) 
(2) 
(3) 



Nu H =< 



0.825 + ■ 



0.387 Ra 



H 



1 + (0.492 /Pr) 



9/16 



8/27 



with Ra H = g/3 Q (t s 0 -T^ 0 )h 3 I a 0 v Q and Ra H = g/3 { (t^ j -T s i )n 3 /a i v i , respectively. Assuming 

4 1 — 

10 < Ra L < 10 , h„ is obtained from 



Nu L =0.42Ra 1 L /4 Pr a012 (H/L) 



-0.3 



where Ra L = gfi (t s j - T s 0 ) L 3 / av. A simultaneous solution to Eqs. (1) - (3) for the three unknowns 
yields 



Continued 
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PROBLEM 9.97 (Cont.) 



T si =9.1 0 C, T s o = -9.6°C, q = 35.7 W 



< 



where hj = 3.29 W/m 2 • K, h 0 = 3.45 W/m 2 K and 




1.90W/m 2 -K. 



smallest convection resistance is R" 



(b) The unit conduction resistance of a glass pane is 



conv,o 



(l/h 0 ) 



R cond = L p 1 k p = 0.00429 m 2 • K / W, and the 
0.290m 2 -K/W. Hence, 



R cond « R 



conv,min 



< 



and it is reasonable to neglect the thermal resistance of the glass. 

2 

COMMENTS: (1) Assuming a heat flux of 35.7 W/m through a glass pane, the corresponding 

temperature difference across the pane is AT = q "(L p /k p ) = 0.15°C. Hence, the assumption of an 

isothermal pane is good. (2) Equations (1) - (3) were solved using the IHT workspace and the 
temperature-dependent air properties provided by the software. The property values provided in the 
PROPERTIES section of this solution were obtained from the software. 
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PROBLEM 9.98 

KNOWN: Top surface of an oven maintained at 60°C. 

FIND: (a) Reduction in heat transfer from the surface by installation of a cover plate with specified air 
gap; temperature of the cover plate, (b) Effect of cover plate spacing. 



SCHEMATIC: 



0.5 m x 0.5 m 




Air, T = 23 °C 



5 < L < 50 mm 



-H = 0.5m 



Air gap ~\q c 



77ZZZZZZZ^-t,-t. 



= 60 °C 



Exposed surface 



With cover plate 



ASSUMPTIONS: (1) Steady-state conditions, (2) Oven surface at T[ = T s for both cases, (3) Negligible 
radiative exchange with surroundings and across air gap. 

PROPERTIES: Table A.4, Air (T f = (T s + TJ/2 = 315 K, 1 atm): v = 17.40 x 10" 6 m 2 /s, k = 0.0274 

W/m-K, a = 24.7 x 10" 6 m 2 /s; Table A.4, Air (T = (Ti + T 2 )/2 and T f2 = (T 2 + TJ/2): Properties 
obtained form Correlations Toolpad of IHT. 

ANALYSIS: (a) The convective heat loss from the exposed top surface of the oven is q s = h A S (T S - T^). 
With L = A s /P = (0.5 m) 2 /(4 x 0.5 m) = 0.125 m, 

g/?ATL 3 9.8m/s 2 (l/315K)(60-23)°C(0.125m) 3 f 
RaL =— = ^— - r 'A '- K — r^ = 5.231xl0 e 



va 



17.40x10 6 m/s 2 x 24.7x10 6 m/s 2 



The appropriate correlation for a heated plate facing upwards, Eq. 9.30, is 

10 4 < Ra L < 10 7 



Nu L =Mi = 0.54Ra} /4 
k L 



h = 



0.0274 W/m-K 
0.125m 



J 



x0.54 5.231xl0 c 



1/4 



= 5.66W/m z K 



Hence, the heat rate for the exposed surface is 

2 w„*_\2, 



q s = 5.66 W/m i -K(0.5m) / (60-23)° C = 52.4W . 



With the cover plate, the surface temperature (T s = T 2 ) is unknown and must be obtained by 
performing an energy balance at the top surface. 

T (D =23°C 




Ti = T s = 60°C 



Continued. 
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PROBLEM 9.98 (Cont.) 

Equating heat flow across the gap to that from the top surface, q g = q cp . Hence, for a unit surface area, 
hg(Ti-T 2 ) = h cp (T2-T 00 ) 

where h C p is obtained from Eq. 9.30 and hg is evaluated from Eq. 9.49. 

Nu~ L = -it = 0.069Ra} /3 p r 0 074 
k L 

Entering this expression from the keyboard and Eq. 9.30 from the Correlations Toolpad, with the 
Properties Toolpad used to evaluate air properties at T and T fs , IHT was used with L = 0.05 m to obtain 

T 2 = 35.4°C q cp =13.5W < 

where hg = 2.2 w/ m^- K and h C p = 4.4 W/m 2 -K. Hence, the effect of installing the cover plate 
creating the enclosure is to reduce the heat loss by 

^gPxl00 = 52 - 4 " 13 - 5 xl00 = 74%. < 
q s 52.4 

Note, however, that for L = 0.05 m, Ra L = 2.05 x 10 5 is slightly less than the lower limit of applicability 
for Eq. 9.49. 

(b) If we use the foregoing model to evaluate T 2 and q cp for 0.005 < L < 0.05 m, we find that there is no 

1/3 

effect. This seemingly unusual result is a consequence of the fact that, in Eq. 9.49, Nul °c Ra^ , in 
which case hg is independent of L. However, Ra L and Nu L do decrease with decreasing L, eventually 

approaching conditions for which transport across the airspace is determined by conduction and not 
convection. If transport is by conduction, the heat rate must be determined from Fourier' s law, for which 

q'g = (k/L)(Ti - T 2 ) and the equivalent, pseudo, Nusselt number is Nul = hL/k = 1 . If this expression 

is used to determine hg in the energy balance, q cp increases with decreasing L. The results would only 

apply if there is negligible advection in the airspace and hence for Rayleigh numbers less than 1708, 
which corresponds to L « 10.5 mm. For this value of L, q cp = 15.4 W exceeds that previously determined 
for L = 50 mm. Hence, there is little variation in q cp over the range 10.5 < L < 50 mm. However, q cp 
increases with decreasing L below 10.5 mm, achieving a value of 24.2 W for L = 5 mm. Hence, a value 
of L slightly larger than 10.5 mm could be considered an optimum. 

COMMENTS: Radiation exchange across the cavity and with the surroundings is likely to be significant 
and should be considered in a more detailed analysis. 
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PROBLEM 9.99 



KNOWN: Dimensions of air space between windows, dimensions of individual blinds. 
Temperatures of windows. 

FIND: Convection heat transfer rates between windows when the blinds are in the open and 
closed positions, respectively. Explanation of the small effect of the closed blinds on the 
convective heat transfer rate. 

SCHEMATIC: t= 12.5 mm 




°P en t= 12.5 mm Closed 



ASSUMPTIONS: (1) Constant properties, (2) Steady-state conditions, (3) Isothermal windows, 
(4) Blinds are adiabatic, (5) Neglect presence of the blind when in the closed position. 



PROPERTIES: Table A.4, air: (T f = 273 K): k = 0.02414 W/m-K, v = 1.349 x 10" 5 m 2 /s, a = 
1.894 x 10" 5 m 2 /s, Pr = 0.714. 



ANALYSIS: 

Case A, Open Position The aspect ratio of a typical cell is HJL = 25/25 = 1 . The Rayleigh 
number is 



Ra . s/JmZML . 9 . 8m/s 2 „ (1/273)K -> x gO-(-20))°Cx(0.02 5m f ^ ^ 



va 



1.349xl0~ 5 m 2 /sxl.894xl0~ 5 m 2 /s 



and (RaPr)/(0.2 + Pr) = (87.81 xlO 3 x 0.714)/(0.2 + 0.714) = 68,600. Therefore, Equation 9.51 
may be used, resulting in 



Nu L =0.18 



°- 714 -x87.81xl0 3 



(0.2 + 0.714) 



0.29 



4.55 and 



h L = Nu L k/L = 4.55 x 0.02414W/m- K/0.025m = 4.39W/m 2 • K 



The same value of the convection heat transfer coefficient exists for each cell. Hence, 

Continued... 
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PROBLEM 9.99 (Cont.) 



q conv = 4.39W/m 2 • K x 0.5m x 0.5m x (20°C - (-20°Q) = 43.9W < 

Case B, Closed Position The aspect ratio of the cavity is H c /L = 0.5 m/0.025 m = 20. The 
Rayleigh number is 87.81 x 10 3 , as before. Therefore, select Equation 9.52, resulting in 

Nul = 0.42 x (87.81 x 10 3 ) 1/4 x (0.714) 0012 x (20) -3 = 2.931 

h L = NuLk/L = 2.931 x0.02414W/m- K/ 0.025m = 2.83W/m 2 • K Hence, 

q conv = 2.83W/m 2 • K x 0.5m x 0.5m x (20°C - (-20°Q) = 28.3W < 

The closed blinds may be neglected if the core of the air layer is nearly stagnant. <C 

COMMENTS: (1) Equation 9.52 has been extrapolated slightly outside of its range of 
application with respect to the suggested Prandtl number limits. (2) In the open blind case, 
recirculating flow will exist in each small square sub-enclosure, yielding larger values of the 
convection coefficient relative to the closed blind case. (3) The blind material will have a higher 
thermal conductivity than air, and the open blinds will serve as extended surfaces, further 
increasing heat loss through the window. Since the blinds will participate in the heat transfer 
when in the open position, treating the top and bottom surfaces of the small square sub-enclosures 
is an aggressive assumption. (4) Net radiation transfer between the two window surfaces will be 
greater for the open blind case. 
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PROBLEM 9.100 

KNOWN: Dimensions and surface temperatures of a flat-plate solar collector. 
FIND: (a) Heat loss across collector cavity, (b) Effect of plate spacing on the heat loss. 
SCHEMATIC: 



Solar collector 
A = 4m 2 




5 < L < 50 mm 



7 1 = 70 °C 



T 2 = 30 °C 



ASSUMPTIONS: Negligible radiation. 

PROPERTIES: Table A.4, Air ( T = (Ti + T 2 )/2 = 323 K): v = 18.2 x 10" 6 m 2 /s, k = 0.028 W/m-K, a = 
25.9 x 10" 6 m 2 /s, P = 0.0031 K" 1 . 

ANALYSIS: (a) Since H/L = 2 m/0.03 m = 66.7 > 12, x < x* and Eq. 9.54 may be used to evaluate the 
convection coefficient associated with the air space. Hence, q = h A s (Ti - T 2 ), where h = (k/L) Nul and 



Nu L =1 + 1.44 



1708 



i 1708(sinl.8r) 
Ra L cos r 



1.6 



Ra^ cos t 

For L = 30 mm, the Rayleigh number is 

g^(Tj -T 2 )L 3 9.8 m/s 2 |o.0031K" 1 j|40°cj (0.03 m) 



Ra^ cos t 
\ 5830 J 



x l/3 



Ra, 



av 



25.9x10 6 m 2 /sxl8.2xl0 6 m 2 /s 



6.96x10 



and Ra L cost = 3.48 x 10 4 . It follows that Nul = 3.12 and h = (0.028 W/m-K/0.03 m)3.12 = 2.91 
W/m 2 -K. Hence, 

q = 2.91w/m 2 -K|4m 2 j|40°cj = 466W < 

(b) The foregoing model was entered into the workspace of IHT, and results of the calculations are plotted 
as follows. 
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Continued. 
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PROBLEM 9.100 (Cont.) 



900 



800 



e. 700 



600 



500 



400 




0.005 0.006 0.007 0.008 0.009 
Plate spacing, L(m) 



0.01 



The plots are influenced by the fact that the third and second terms on the right-hand side of the 
correlation are set to zero at L « 0.017 m and L « 0.01 1 m, respectively. For the range of conditions, 
minima in the heat loss of q « 410 W and q = 397 W are achieved at L « 0.012 m and L = 0.05 m, 
respectively. Operation at L « 0.02 m corresponds to a maximum and is clearly undesirable, as is 
operation at L < 0.01 1 m, for which conditions are conduction dominated. 



COMMENTS: Because the convection coefficient is low, radiation effects would be significant. 
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PROBLEM 9.101 



KNOWN: Cylindrical 120-mm diameter radiation shield of Example 9.5 installed concentric with a 
100-mm diameter tube carrying steam; spacing provides for an air gap of L = 10 mm. 

FIND: (a) Heat loss per unit length of the tube by convection when a second shield of diameter 140 m 
is installed; compare the result to that for the single shield calculation of the example; and (b) The heat 
loss per unit length if the gap dimension is made L = 15 mm (rather than 10 mm). Do you expect the 
heat loss to increase or decrease? 

SCHEMATIC: 

1st shield 



Tube 

100 mm 
= 120°C 




2nd shield 

T 2 = 35°C 

D 2 = 140 or 160 mm 

Air gaps 

L = 10 or 15 mm 



T| Ti T 2 

R gi R g2 
Thermal circuit 



ASSUMPTIONS: (1) Steady-state conditions, and (b) Constant properties. 



-6 2, 



PROPERTIES: Table A-4, Air (T f = (T s + T^/2 = 350 K, 1 atm): v = 20.92 x 10 m /s, k = 0.030 
W/m-K, Pr = 0.700. 

ANALYSIS: (a) The thermal circuit representing the tube with two concentric cylindrical radiation 
shields having gap spacings L = 10 mm is shown above. The heat loss per unit length by convection is 



Ti"T 2 Ti-Ti 



R gl + % % 



(1) 



where the Rg represents the thermal resistance of the annular gap (spacing). From Eqs. 9.58, 59 and 
60, find 

?n(D 0 /Di) 



R'a 



2^-k e ff 



^ = 0.386^ 



Pr 



a/4 



0.861 + Pr 



1/4 



where L c - 



Ra c =g/?(T 0 -Ti)L 3 c /av 
2[ln(r 0 / ri )] 4/3 



(2) 
(3) 

(4) 



(j .-3/5 +r -3/5 )5 /3 



where the properties are evaluated at the average temperature of the bounding surfaces, Tf = (Tj + 

T 0 )/2. Recognize that the above system of equations needs to be solved iteratively by initial guess 

values of Tj, or solved simultaneously using equation-solving software with a properties library. The 
results are tabulated below. 

Continued 
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PROBLEM 9.101 (Cont.) 



(b) Using the foregoing relations, the analyses can be repeated with L = 15 mm, so that D; = 130 mm 

and D2 = 160 mm. The results are tabulated below along with those from Example 9.5 for the single- 
shield configuration. 

Shields L(mm) R^(m-KAV) R g2 (m-K/W) R tot (m-K/W) Ti(°C) q' (W/m) 

1 10 0.7658 — 076 ~ 100 

2 10 1.008 0.8855 1.89 74.8 44.9 
2 15 0.9751 0.8224 1.80 73.9 47.3 

COMMENTS: (1) The effect of adding the second shield is to more than double the thermal 
resistance of the shields to convection heat transfer. 

(2) The effect of gap increase from 10 to 15 mm for the two-shield configuration is slight. Increasing 
L allows for greater circulation in the annular space, thereby reducing the thermal resistance. 

(3) Note the difference in thermal resistances for the annular spaces Rgj of the one-and two-shield 
configurations with L = 10 mm. Why are they so different (0.7658 vs. 1.008 m-K/W, respectively)? 

(4) See Example 9.5 for details on how to evaluate the properties for use with the correlation. 
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PROBLEM 9.102 
KNOWN: Operating conditions of a concentric tube solar collector. 
FIND: Convection heat transfer per unit length across air space between tubes. 
SCHEMATIC: 



D o =0.1Sm 
T o = 30°C 

1J=70T 




Annular- region 
between fubes is 
air f illed (p=lafm) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Long tubes. 



-6 2, 



PROPERTIES: Table A-4, Air (T = 50°C, 1 atm): v = 18.2 x 10 m /s, k = 0.028 W/m-K, 
a = 25.9 x 10" 6 m 2 /s, Pr = 0.71, p = 0.0031 K \ 
ANALYSIS: The length scale in Ra c is given by Eq. 9.60, 



_ 2[ln(r 0 / ri )] 4/3 _ 2[ln (0.075/0.05)] 



L„ = 



4/3 



OTX ) 



(0.075 m)" 3/5 +(0.05m)" 3/5 



5/3 



= 0.01 14 m 



Then 



gp(T s - TJL 3 9.8 m/s 2 x 0.0031 K _1 (70 - 30)°C (0.0114 m) 3 
K.a c — — — — — 3860 



va 



18.2 x 10" 6 m 2 /s x 25.9 x 10" 6 m 2 /s 



Next, Eq. 9.59 may be used, in which case 



k eff = 0.386 k 



Pr 



a/4 



0.861 + Pr 



Ra r 



1/4 



k eff =0.386(0.028 W/m-K) 



0.71 



a/4 



0.861 + 0.71 



(3860) 1/4 =0.07W/m-K. 



From Eq. 9.58, it then follows that 

, 2^rk pf f , , 2^(0.07 W/m-K) . 
q' = i ' rff (T i -T Q ) = y - -^(70-30)°C = 43.4W/m. 



ln ( r o /r i) 



ln(0.15/0.10) 



COMMENTS: An additional heat loss is related to thermal radiation exchange between the 
inner and outer surfaces. 
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PROBLEM 9.103 



KNOWN: Dimensions and heat generation rate associated with horizontally-oriented lithium 
ion battery. Size of annulus filled with liquid paraffin. Properties and fusion temperature of the 
paraffin. 

FIND: (a) Battery surface temperature when r 0 = 19 mm, (b) Rate at which r Q is increasing with 
time, (c) Plot of battery surface temperature versus r 0 for 15 mm < r D < 30 mm and explanation of 
relative insensitivity of battery temperature to size of the annulus. 



SCHEMATIC: 




Paraffin (liquid) 

k = 0.15W/m-K 

p = 770 kg/m 3 
v = 5x1 0 6 m 2 /s 
a = 8.85x10- 8 m 2 /s 
P = 8x10- 4 K- 1 
T mp = 27.4<C 
h sf = 244 kj/kg 



L = 65 mm 



Paraffin (solid) 



ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Solid paraffin at 
melting point temperature. 

PROPERTIES: Given, see schematic. 

ANALYSIS: (a) The length scale used in the Rayleigh number is given by Equation 9.60. 



4/3 



2x[ln(19/9)] 



4/3 



2[ln(r 0 / ri )J 

^- 3/5 _l^- 3/5 \ 5/3 \l -x \-3/5 / , \-3/5 

\ r i +r o J (9xl0" 3 m) +M9xl0~ 3 m) 



5/3 



: 5.36xl0~ 3 m 



The Rayleigh number is 

g/?(T s -T mp ) L 3 C 9.8m/ s 2 x 8 x lO^K -1 x (T s - 27.4) °C x (5.36 x 10~ 3 m) 3 



Ra = 



v-a 

2728KT 1 x(T -27.4°C) 



5 x 10~ 6 m 2 /s x 8.85 x 10~ 8 m 2 /s 



(1) 



The Prandtl number is Pr = via = 5 x 10" 6 m 2 /s/8.85 x 10" 8 m 2 /s = 56.5, and the effective thermal 
conductivity is given by Equation 9.59, 



Continued. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 9.103 (Cont.) 



k eff = 0.386k I - 



Pr 



J/4 



^0.861 + Pr 



k eff = 0.0577Ra' /4 



Ra' /4 =0.386x0.15W/m-Kx 



56.5 



J/4 



0.861 + 565 



Ra 



1/4 



(2) 



The effective thermal conductivity may also be expressed in terms of Equation 9.58, 
E g ln(r 0 / ri ) lWxln(19/9) 1.829W/m 



v eff 



2^L(T S -T mp ) 2^x65xl0^mx(T s -27.4°C) (T S -27.4°C) 
Equations 1, 2 and 3 may be solved simultaneously to yield 



(3) 



Ra c = 8901, keff = 0.5603 W/m-K, T s = 30.7°C. < 
(b) An energy balance on the control surface shown in the schematic yields 
q C onv =E g = A/?h sf dr 0 /dt 

E„ 



or 



dr n 



1W 



dt 2;rr 0 L/?h sf 2x;rxl9xl0~ 3 mx65xl0~ 3 mx770kg/m 3 x244xl0 3 J/kg < 
= 685xl0~ 9 m/s = 0.685//m/s 

(c) Equations 1 through 3 may be re-solved for various outer radii of the annular region. As 
evident, the battery surface temperature is very insensitive to the size of the annular region. If 
heat transfer in the annulus were conduction-dominated, one would expect the battery surface 
temperature to increase as the annulus becomes larger. The opposite trend is evident here. 



Battery Temperature vs. Liquid Annulus Radius 



30.8 - 



30.6 - 




30.4 - 



30.2 - 



20 25 
Annulus Radius (mm) 



30 
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PROBLEM 9.103 (Cont.) 



As the annulus becomes larger, fluid velocities associated with free convection increase and the 
effective thermal conductivity is expected to increase as well. The ratio of the effective thermal 
conductivity to the bulk thermal conductivity of the paraffin and its sensitivity to the size of the 
annulus is shown in the plot below. The enhanced fluid motion associated with the larger 
enclosures increases the effective thermal conductivity of the fluid significantly. Hence, both the 
numerator and denominator of Equation 9.58 increase with increasing size of the annular region, 
yielding relatively constant battery surface temperatures. 



keff/k vs. Liquid Annulus Radius 



3= 




20 25 
Annulus Radius (mm) 



30 
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PROBLEM 9.104 

KNOWN: Annulus formed by two concentric, horizontal tubes with prescribed diameters and surface 
temperatures is filled with nitrogen at 5 atm. 

FIND: Convective heat transfer rate per unit length of the tubes. 

SCHEMATIC: 

-77= 30OK > Dj-ZOOmm 

L-ZSmm fc^S^"^ = * 0OK > ^250mm 

Nitrogen , Satm 

ASSUMPTIONS: (1) Thermophysical properties k, lx, and Pr, are independent of pressure, (2) 
Density is proportional to pressure, (3) Perfect gas behavior. 

PROPERTIES: Table A-4, Nitrogen (T = (Tj + T 0 )/2 = 350K, 5 atm) : k = 0.0293 W/m-K, ii = 

200 x 10" 7 N-s/m 2 , p(5 atm) = 5 p (1 atm) = 5 x 0.9625 kg/m 3 = 4.813 kg/m 3 , Pr = 0.711, v = (j7p = 
4.155 x 10" 6 m 2 /s, a = k/pc = 0.0293 W/m-K/(4.813 kg/m 3 x 1042 J/kg-K) = 5.842 x 10" 6 m 2 /s. 

ANALYSIS: The length scale in Ra c is given by Eq. 9.60, 

L _iC^A)T - 2[ln(125/100)f 3 - 0 0095 m 

C tf /5 +e 5 f 3 [(0.1 m)- 3/5 + (0.125 m)- 3/5 ] 5/3 

Then 

Ra ^ gP(T s - T^ )L 3 = 9.8 m/s 2 x (1/350 K) (400 - 300)K (0.0095 m) 3 = 9§ m 
va 4.155 x 10" 6 m 2 /s x 5.842 x 10" 6 m 2 /s 

The effective thermal conductivity is found from Eq. 9.59, 



k. 



^ = 0.386 



Pr > 1/4 



v 



0.861 + Pr 



k eff ( 0.711 V ' 4 

^ = 0.386 



(98,800)" 4 =5.61 



(400-300)K = 463W/m. 



,0.861 + 0.711y 

Hence, the heat rate, Eq. (1), becomes 

,_ 2;rx5.61x0.0293W/m-K 

q ~ ^n(l25/100) 

COMMENTS: Note that the heat loss by convection is nearly six times that for conduction. 
Radiation transfer is likely to be important for this situation. The effect of nitrogen pressure is to 

decrease v which in turn increases RaTj that is, free convection heat transfer will increase with 
increase in pressure. 
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PROBLEM 9.105 

KNOWN: Diameters and temperatures of concentric spheres. 
FIND: Rate at which stored nitrogen is vented. 
SCHEMATIC: 

ASSUMPTIONS: (1) Negligible radiation. 

PROPERTIES: Liquid nitrogen (given): h fg = 2 x 10 5 J/kg; Table A-4, Helium (T = (Tj + T Q )/2 = 
180K, 1 atm): v = 51.3 x 10" 6 m 2 /s, k = 0.107 W/m-K, a = 76.2 x 10~ 6 m 2 /s, Pr = 0.673, [3 = 0.00556 

r 1 . 

ANALYSIS: Performing an energy balance for a control surface about the liquid nitrogen, it follows 
that 

q = q C onv =mh fg . 

From the Raithby and Hollands expressions for free convection between concentric spheres, 
_ 47tk e ff (Tj -T Q ) 



Iconv ~~ y-t i \ , , 
(l/r^-G/ro) 



1/4/ 



k eff =0.74k[Pr/(0.861 + Pr)] Ra 



where L s = — = 5.69 x 10" 3 m 
2 1/3 (r: 7/5 +r 0 7/5 ) 5/3 



oR(T -T)L 3 9.8m/s 2 (o.00556K" 1 )(206K)(5.69xlO" 3 m) 

Ra s = ^yo. LL^- = i ' V . L = 528 

51.3xl0" 6 m 2 /s 76.2xl0" 6 m 2 /s 



k eff = 0.74(0.107 W/m-K)[0.673/(0.861 + 0.673)] 1/4 (528) 1/4 =0.309 W/m-K. 

(0.309 W/m-K) x 4n (206 K) 

Hence, q conv = = 4399 W 

-iconv (1/Q 5 m) _ (1/Q 55 m) 

The rate at which nitrogen is lost from the system is therefore 

rh = q conv /h fg = 4399 W/2xl0 5 J/kg = 0.022 kg/s. < 

COMMENTS: The heat gain and mass loss are large. Helium should be replaced by a 
noncondensing gas of smaller k, or the cavity should be evacuated. 
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PROBLEM 9.106 



KNOWN: Dimensions of enclosure, surface temperatures, and properties of aqueous humor. 
FIND: The ratio of the effective to the bulk thermal conductivity of the aqueous humor. 
SCHEMATIC: 



Cornea 
T 0 = 34 S C 
r. = 1 0 mm 




Aqueous humor 
p = 990 kg/m 3 
k = 0.58 W/m-K 
c p = 4.2x10 3 J/kg-K 
H= 7.1 x 10 4 N-s/m 2 
P = 3.2x10-*K 1 



ASSUMPTIONS: (1) Constant properties, (2) Steady-state conditions, (3) Person is standing or 
sitting vertically. 

PROPERTIES: Given, see schematic. 

ANALYSIS: The kinematic viscosity is v = u/p = 7.1 x 10" 4 N-s/m 2 /990 kg/m 3 = 7.17 x 10" 9 



m7s. The thermal diffusivity is a = k/pc = 0.58 W/m-K/(990 kg/m J x 4.2 x 10 J J/kg-K) = 139.5 x 
10" 4 m 2 /s, while the Prandtl number is Pr = via = (7.17 x 10~ 9 m 2 /s)/(139.5 x 10" 4 m 2 /s) = 5.14. 
The characteristic length for use in Equation 9.61 is 

N 4/3 



1 1 



1 



1 



N 4/3 



7xlO~ J m lOxlO^m 



* 2 1/3 (rr 7/5 +r 0 7/5 ) 5/3 2 1/3 ((7xl0- 3 m)- 7/5 + (10xl0- 3 m)- 7/5 ) 

The Rayleigh number is 

_ g/?(T s -T 0 )L 3 _ 9.8m/s 2 x3.2xl0~ 4 KT 1 x(37-34)°Cx(506xl0~ 6 m) 3 _ 
Ra s — — ,, — — ^ — 12.2 



5/3 



: 506xlO~V 



v-a 



7.17 x 10 _9 m 2 /s x 139.5 x 10 _4 m 2 /s 



The ratio of the effective thermal conductivity to bulk thermal conductivity is 



S*L = o.74| 

k l0.861 + Pr 



J/4 



RaJ /4 =0.74x 



C 



5.14 



a/4 



x(12.2) 1/4 =1.33 < 



^0.861 + 5.14, 

Since k eff /k > 1, we conclude that free convection does occur in the aqueous humor. 



Comments: (1). The velocity of the aqueous humor could be estimated by performing a detailed 
simulation using a CFD (computational fluid dynamics) tool. (2) Fluid motion is upward near the 
iris and downward adjacent to the cornea when the person is standing or sitting vertically. 
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PROBLEM 9.107 

KNOWN: Cross flow over a cylinder with prescribed surface temperature and free stream conditions. 
FIND: Whether free convection will be significant if the fluid is water or air. 



SCHEMATIC: 




v=aosm/s 



X) = SO m TTij Cylinder 
X =20°C 



ASSUMPTIONS: (1) Constant properties, (2) Combined free and forced heat transfer. 

PROPERTIES: Table A-6, Water (T f = (Too + T s )/2 = 300K): v = ii v f = 855 x 10" 6 N-s/m 2 x 1.003 
x 10" 3 m 3 /kg = 8.576 x 10" ? m 2 /s, p = 276.1 x 10" 6 K' 1 ; Table A-4, Air (300K, 1 atm): v = 15.89 x 
10" 6 m 2 /s, p = 1/Tf = 3.333 x 10" 3 K \ 

ANALYSIS: Following the discussion of Section 9.9, the general criterion for delineating the relative 

2 

significance of free and forced convection depends upon the value of Gr/Re . If free convection is 
significant. 

Grc/Re^l (1) 
where Git) = gy5(T o0 -T S )D 3 /v 2 and Re D =VD/v. (2,3) 

(a) When the surrounding fluid is water, find 

Gr D = 9.8 ml s 2 x 276. lx 10" 6 K" 1 (35 - 20) K (0.05m) 3 / ^8.576 x 10" 7 m 2 / s J = 6.90 x 10 6 



Re D =0.05m/sx0.05m/8.576xl0 7 m 2 /s = 2915 

Gr D /Re 2 ) =6.90xl0 6 /2915 2 =0.812. < 

2 

We conclude that since Gr D / Rep «1, free and forced convection are of comparable magnitude, 
(b) When the surrounding fluid is air, find 

Gro =9.8m/s 2 x3.333xl0" 3 K" 1 (35-20)K(0.05m) 3 /(l5.89xl0" 6 m 2 /sj =242,558 
Re D =0.05m/sx0.05m/15.89xl0" 6 m 2 /s = 157 

Gr D /Re 2 ) =242,558/157 2 =9.8. < 

2 

We conclude that, since Grj} / Rep » 1, free convection dominates the heat transfer process. 

COMMENTS: Note also that for the air flow situation, surface radiation exchange is likely to be 
significant. 
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PROBLEM 9.108 



KNOWN: Parallel air flow over a uniform temperature, heated vertical plate; the effect of free 

2 

convection on the heat transfer coefficient will be 5% when GrL / ReL = 0.08. 

FIND: Minimum vertical velocity required of air flow such that free convection effects will be less 
than 5% of the heat rate. 



SCHEMATIC: 



L-0.5 



m 



\—T s *60*C 




AAA 



T^Z5°C 

U-co 



ASSUMPTIONS: (1) Steady-state conditions, (2) Criterion for combined free-forced convection 
determined from experimental results. 



6 2, 



PROPERTIES: Table A-4, Air (T f = (T s + = 315K, 1 atm): v = 17.40 x 10 m /s, (3 = 1/T f . 



ANALYSIS: To delineate flow regimes, according to Section 9.9, the general criterion for 
predominately forced convection is that 

Grj^ / Re^ «1. 



(1) 



From experimental results, when Grj^ / Rej^ ~ 0.08, free convection will be equal to 5% of the total 
heat rate. 



For the vertical plate using Eq. 9.12, 

3 no„/„2 

.2 



g/?(Ti-T 2 )L 3 9.8m/s 2 xl/315Kx(60-25)Kx(0.3m) 3 7 
Gil = Byy \ l) — = i '—— K - ^ = 9.711xl0 7 . 



17.40 xl0 _6 m 2 /s 



(2) 



For the vertical plate with forced convection, 



Upo (0.3m) 
17.4xl0" 6 m 2 /s 



= 1.724xl0 4 u 



By combining Eqs. (2) and (3), 



Re 2 



9.711x10' 



1.724xl(T Uoo 



= 0.08 



find that 



Uoo = 2.02 m /s. 



(3) 



That is, when u^ 2.02 m/s, free convection effects will not exceed 5% of the total heat rate. 
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PROBLEM 9.109 



KNOWN: Vertical array of circuit boards 0.15m high with maximum allowable uniform surface 
temperature for prescribed ambient air temperature. 

FIND: Allowable electrical power dissipation per board, q'[W/m], for these cooling arrangements: 

(a) Free convection only, (b) Air flow downward at 0.6 m/s, (c) Air flow upward at 0.3 m/s, and (d) 
Air flow upward or downward at 5 m/s. 

SCHEMATIC: 



L=L50mm 



, Qii 'iescegjf) \t=0.6m/s 




i 






I 




% 












% 


t 









ASSUMPTIONS: (1) Uniform surface temperature, (2) Board horizontal spacing sufficient that 
boundary layers don't interfere, (3) Ambient air behaves as quiescent medium, (4) Perfect gas 
behavior. 

PROPERTIES: Table A-4, Air (T f = (T s + * 315K, 1 atm): v = 17.40 x 10" 6 m 2 /s, k = 0.0274 
W/m-K, a = 24.7 x 10" 6 m 2 /s, Pr = 0.705, p = 1/T f . 

ANALYSIS: (a) For free convection only, the allowable electrical power dissipation rate is 

q' = h L (2L)(T s -T o0 ) (1) 

where Iil is estimated using the appropriate correlation for free convection from a vertical plate. Find 
the Rayleigh number, 

= g/?ATL 3 = 9.8m/s 2 (l/315K)(60-25)K(0.150m) 3 ^ ^ 



va 



17.4x10 6 m 2 /sx24.7xl0 6 m 2 /s 



Since Ra L <10 y , the flow is laminar. With Eq. 9.27 find 



Nu T = — = 0.68 + 
L k 



0.670 Ra^ 4 



1 + (0.492/ Pr)' 



9/16 



4/9 



= 0.68 + - 







1/4^ 


0.670 


8.551xl0 6 




V 




) 



1 + (0.492/ 0.705)' 



9/16 



4/9 



= 28.47 (3) 



h L = (0.0274 W / m • K / 0. 1 50m) x 28 .47 = 5 .20 W / m 2 • K. 

Hence, the allowable electrical power dissipation rate is, 

q' = 5.20W/m 2 -K(2x0.150m)(60-25)°C = 54.6W/m. < 
(b) With downward velocity V = 0.6 m/s, the possibility of mixed forced-free convection must be 
considered. With ReL = VL/v, find 

(oW)-(^/*4) w 

(GrL/Re 2 j = (8.551xl0 6 /0.705j/(0.6m/sx0.150m/17.40xl0" 6 m 2 /sj 2 =0.453. 

Continued 
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PROBLEM 9.109 (Cont.) 

Since ^Gr L /Re^ j ~ 1, flow is mixed and the average heat transfer coefficient may be found from a 
correlating equation of the form 

Nu n =Nup±Nu^ (5) 

where n = 3 for the vertical plate geometry and the minus sign is appropriate since the natural 
convection (N) flow opposes the forced convection (F) flow. For the forced convection flow, ReL = 
5172 and the flow is laminar; using Eq. 7.31, 

Nu~ F =0.664 Re 1 / 2 Pr 1/3 =0.664(5172) 1/2 (0.705 ) 1/3 =42.50. (6) 

Using Nu N = 28.47 from Eq. (3), Eq. (5) now becomes 



Nu 3 = 



= (42.50) 3 -(28.47) 3 Nu = 37.72 



h = 



V J 
f 0.0274W/m-K A 
0.150m 



x37.72 = 6.89W/m 2 -K. 



Substituting for h into the rate equation, Eq. (1), the allowable power dissipation with a downward 
velocity of 0.6 m/s is 

q' = 6.89W/m 2 -K(2x0.150m) (60-25)°C = 72.3 W/m. < 

(c) With an upward velocity V = 0.3 m/s, the positive sign of Eq. (5) applies since the N-flow is 
assisting the F-flow. For forced convection, find 

Re L = VL/v = 0.3m/sx0.150m/(l7.40xl0" 6 m 2 /sj = 2586. 
The flow is again laminar, hence Eq. (6) is appropriate. 

Nup = 0.664(2586) 1/2 (0.705 ) 1/3 =30.05. 
From Eq. (5), with the positive sign, and Nu N from Eq. (4), 

Nu" 3 =(30.05 ) 3 +(28.47) 3 or Nu = 36.88 and h = 6.74 W/m 2 • K. 
From Eq. (1), the allowable power dissipation with an upward velocity of 0.3 m/s is 

q' = 6.74W/m 2 -K(2x0.150m) (60 - 25) °C = 70.7 W/m. < 

(d) With & forced convection velocity V = 5 m/s, very likely forced convection will dominate. Check 
by evaluating whether ^Gr L /Re^ j« 1 where ReL = VL/v = 5 m/s x 0.150m/(17.40 x 10 6 m 2 /s) = 
43,103. Hence, 



Gil /Re 2 ): 



^ RaL / Re 2 1 = | 8.551 x 1 0" / 0.705 )/ 43, 103" = 0.01)7. 



Pr 

The flow is not mixed, but pure forced convection. Using Eq. (6), find 

h=(0.0274W/m-K/0.150m)0.664(43,103) 1/2 (0.705) 1/3 =22.4W/m 2 -K 

and the allowable dissipation rate is 

q' = 22.4 W / m 2 • K ( 2 x 0. 150m) (60 - 25) °C = 235 W / m. 

COMMENTS: Be sure to compare dissipation rates to see relative importance of mixed flow 
conditions. 
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PROBLEM 9.110 

KNOWN: Horizontal pipe passing hot oil used to heat water. 
FIND: Effect of water flow direction on the heat rate. 
SCHEMATIC: 




100-mm 



ASSUMPTIONS: (1) Uniform pipe surface temperature, (2) Constant properties. 

PROPERTIES: Table A-6, Water (T f = (T s + 1^)12 * 335K): v = ix f v f = 4.625 x 10" ? rn7s, k = 
0.656 W/m-K, a = k v f /c p = 1.595 x 10" ? m 2 /s, Pr = 2.88, p = 535.5 x 10" 6 K'\ Table A-6, Water (Too 

= 310K): v = w v f = 6.999 x 10" ? m 2 /s, k = 0.028 W/m-K, Pr = 4.62; Table A-6, Water (T s = 358K): 
Pr = 2.07 

ANALYSIS: The rate equation for the flow situations is of the form 
q' = h>D) (X-T^). 

To determine whether mixed flow conditions are present, evaluate |Gr D / Re 2 ) j. 



g /?AT _ 9.8m/s z x535.5xl0 6 K 1 (85 -37) K(0.100m) J _ 

2 2 

v |4.625xl0" 7 m 2 /sj 



Gr D 



178 xW 



Re D = VD/v = 0.5m/sx0.100m/6.999xlO 7 m 2 /s = 7.144xl0 4 . 
It follows that ^Gr D /Re^ j = 0.231; since this ratio is of order unity, the flow condition is mixed. Using 



"n n 



Eq. 9.64, Nu = Nup + Nun and for the three flow arrangements, 



(a) Transverse flow: 

4 4 4 

Nu =Nuf + Nun 



(b) Opposing flow: 

— 3 — 3 — 3 
Nu =Nuf~Nun 



(c) Assisting flow: 

— 3 — 3 — 3 
Nu =Nuf + Nun 



For natural convection from the cylinder, use Eq. 9.34 with Ra = Gr-Pr. 

2 

.9 



Nu N H 



0.60 + - 



0.387 Ra^ 6 



1 + (0.559 /Pr)' 



9/16 



-18/27 



0.60 + 



/ 9 \ 1/6 

0.38711. 178x10 x 2.88 



1 + (0.559/ 2.88)' 



9/16 



18/ 27 



> =201.2 



For forced convection in cross flow over the cylinder, from Table 7-4 use 
Nu F = C Reg Pr n (Pr/ Pr s ) 1M 

Nu" F =0.26(7.144xl0 4 J°' 6 (4.62) 037 (4.62/2.07) 1/4 =457.5 



Continued 
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PROBLEM 9.110 (Cont.) 

where n = 0.37 since Pr < 10. The results of the calculations are tabulated. 

Flow Nu h(w/m 2 -K) q'xlO" 4 (W/m) 

(a) Transverse 461.7 3029 4.57 

(b) Opposing 444.1 2913 4.39 

(c) Assisting 470.1 3083 4.65 

COMMENTS: Note that the flow direction has a minor effect (<6%) for these conditions. 
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PROBLEM 9.111 



KNOWN: Plate dimensions and initial temperature. Velocity and temperature of air in parallel 
flow over plates. 

FIND: Initial rate of heat transfer from plate. Initial rate of change of plate temperature. Graph 
of the free, forced and mixed convection heat transfer coefficients over the range 2 < U- < 10 m/s. 



SCHEMATIC: 



T„ = 20°C 
il, = 1 0 m/s 



T„ = 20°C 
u = 1 0 m/s 



T, = 300 °C 




ASSUMPTIONS: (1) Negligible radiation, (2) Negligible effect of conveyor velocity on 
boundary layer development, (3) Lumped capacitance behavior, (4) Negligible heat transfer from 
sides of plate. 

PROPERTIES: Table A.l, AISI 1010 steel (T = 573 K): k p = 49.2 W/m-K, c = 549 J/kg-K, p = 



7832 kg/m J . Table A.4, air: (p = 1 atm, T f = 433 K): k = 0.0361 W/m-K, v = 30.4 x 10" 6 m 2 /s, a = 
4.417 x 10" 5 m 2 /s, Pr = 0.688. 

ANALYSIS: The initial rate of heat transfer from the plate is 
q i =2hA s (T i -TJ = 2hL(T i =T 00 ) 



With Re L = UooL/v = lOm/s x lm/30.4 x 10" m /s = 3.29 x 10 , the forced convection is laminar. 
Therefore, Nu L = Nu F = 0.664 Re^ 2 Pr 1/3 = 0.664 x (3.29 x 10 5 ) 1/2 x (0.688) 173 = 336 . With Ra L 
= gp(Ti - T m )L 3 /va = 9.8m/s 2 x (1/433 K) x (300 - 20)°C x (1 m) 3 /(30.4 x 10" 6 m 2 /s x 4.417 x 10"' 
m 2 /s) = 4.72 x 10 9 , The Churchill and Chu correlation yields 



Nul = Nu N = 



0.825 + ■ 



0.387Ra 1/6 



1 + (0.492 /Pr) 



9/16 



8/27 



0.825 + ■ 



0.387(4.72 xl0 9 ) 1/6 



l + (0.492/0.688) 9/16 ] 8/2? 



= 198 



Continued... 
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PROBLEM 9.111 (Cont.) 



I 3 3 \l/3 

Since the forced and free convection induced flows are transverse, Nu = I Nu F + Nu N I = 
(336 3 +198 3 ) = 357. Hence, h = Nuk/L = 357 x0.0361W/m- K/lm = 12.9W/m 2 • K and 



q ; = 2 x 12.9 W/m 2 -K x (lm) 2 x (300 - 20)°C = 7224 W 



Performing an energy balance at an instant in time for the plate, -E out = E st , we obtain 



or 



2 dT 
poL c — 
dt 



-h2L i (T i -T 00 ) 



dT 
dt 



2 x 12.9W / m 2 • K x (300 - 20)°C 
7832kg / m 3 x 0.006m x 549J / kg • K 



= -0.28°C/s 



The heat transfer coefficient may be evaluated over the velocity range 2 < U- < 10 /ms, yielding 

Convection Coefficient vs. Air Velociy 



E 




Air Velocity (m/s) 



Mixed (Top) 
Free (Middle) 
Forced (Horizontal) 



COMMENTS: (1) The Grashof number is Gr L = Ra L /Pr = 4.72 x 10 9 /0.688 = 6.86 x 10 9 . For 

the u m = 10 m/s case, GrrV Re 2 ^ = 6.86 x 10 9 /(3.29 x 10 5 ) 2 = 0.063 «1. We therefore expect free 

convection effects to be minor. (2) At « 3.5 m/s the value of the free convection coefficient 
exceeds that of the forced convection coefficient. Free convection effects dominate at lower air 
forced velocities. (3) The Reynolds number, Re L , is smaller than the transition Reynolds number 
(Re XjC = 5 x 10 5 ) while the Rayleigh number, Ra L , exceeds the value associated with transition to 
turbulent flow (Ra x c « 10 9 ). This implies that flow conditions are very complex and the estimates 
of heat transfer rates are, at best, approximate. (4) At very low air forced velocities the plate 

motion will likely affect the boundary layer development. (5) The Biot number is Bi = h 8/k p = 
12.9 W/m 2 -K x 0.006 m/49.2 W/m-K = 0.0016 and the lumped capacitance approximation is 
valid. 
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PROBLEM 9.112 

KNOWN: Horizontal square panel removed from an oven and cooled in quiescent or moving air. 
FIND: Initial convection heat rates for both methods of cooling. 
SCHEMATIC: 

(Quiescent ait%\ V^'cJ CQuiescent air, 

Nighty reflective ~a /~ s ; JZ5 7i=29"C ~ > T f 

square plate ) ■?'•!•" Aw'-isSF 

ZSOmm 

Batch method- stationar y ytate Conveyor method - movin g air 

ASSUMPTIONS: (1) Quasi-steady state conditions, (2) Backside of plates insulated, (3) Air flow is 
in the length-wise (not diagonal) direction, (4) Constant properties, (5) Radiative exchange negligible. 

PROPERTIES: Table A-4, Air (T f = (T^ + T s )/2 = 350K, 1 atm): v = 20.92 x 10" 6 m 2 /s, k = 0.030 
W/m-K, a = 29.9 x 10" 6 m 2 /s, Pr = 0.700, P = 1/T f . 

ANALYSIS: The initial heat transfer rate from the plates by convection is given by the rate equation 
q = h A s (T s - Tqq ) • Test for the existence of combined free-forced convection by calculation of the 

2 

ratio Grp / Rep - Use the same characteristic length in both parameters, L = 250mm, the side length. 

g/?ATL 3 9.8m/s 2 (l/350K)(l25-29)K(0.250m) 3 7 
Gil = ^— r) = - - ^- = 9.597xl0 / 

20.92 xl0" 6 m/s 2 
Re L =u oo L/v = 0.5m/sx0.250m/(20.92xl0" 6 m 2 /sj = 5.975xl0 3 

2 7 
Since GrL / Rep = 2.69 flow is mixed. For the stationary plate, RaL = GrL • Pr = 6.718 x 10 and Eq. 

9.31 is the appropriate correlation, 

1/3 

Niu, = ^ = 0.15Raf 3 =0.15(6.718xl0 7 l =60.9 



h = (0.030 W/m-K / 0.250m) x 60.9 = 7.3 1 W / m 2 • K. 



q = 7.31W/m 2 -Kx(0.250m) 2 (125- 29)K = 43.9 W. 

3 

For the plate with moving air, ReL = 5.975 x 10 and the flow is laminar. 



Nu F =0.664 Rej^Pr 1 



0.664 5.975 xl0 ; 



1/2 



(0.700) 



1/3 



45.6. 



For combined free-forced convection, use the correlating equation with n = 7/2. 

Nu = 66.5. 



M 1 7/2 =Nu- F /2 + Nu- N /2 =(45.6) 7/2 + (60.9) 7/2 



h = Nuk/L = 66.5(0.030W/m-K/0.25m) = 7.99W/m 2 -K 

q = 7.99W/m 2 -K(0.250m) 2 (l25-29)K = 47.9W. 
COMMENTS: (1) The conveyor method provides only slight enhancement of heat transfer. 
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PROBLEM 9.113 

KNOWN: Wet garment at 25°C hanging in a room with still, dry air at 40°C. 

FIND: Drying rate per unit width of garment. 

SCHEMATIC: 

-T^ZS'C 




f 



■Dry, stilt air , 



Ver—f-i cat pi a1~e model 



ASSUMPTIONS: (1) Analogy between heat and mass transfer applies, (2) Water vapor at garment 
surface is saturated at T s , (3) Perfect gas behavior of vapor and air. 

PROPERTIES: Table A-4, Air (T f * (T s + Too)/2 = 305K, 1 atm): v = 16.39 x 10" 6 m 2 /s; Table A-6, 
Water vapor (T s = 298K, 1 atm): p A , s = 0.0317 bar, p A , s = l/v f = 0.02660 kg/m 3 ; Table A-8, Air- 
water vapor (305 K): D A b = 0.27 x 10" 4 m 2 /s, Sc = v/DAB = 0.607. 
ANALYSIS: The drying rate per unit width of the garment is 
=V-L(p As -p A)O0 ) 

where h m is the mass transfer coefficient associated with a vertical surface that models the garment. 
From the heat and mass transfer analogy, Eq. 9.24 with C and n from Section 9.6.1 yields 

Sh L =0.59(Gr L Sc) 1/4 

3 2 

where GrL = gApL /pv and Ap = p s - poo. Since the still air is dry, poo = pb,oo - Pb,oo/Rb Too, where 
R B = 5{ / JYtg = 8.314 x 10" 2 m 3 -bar/kmol-K/29 kg/kmol = 0.00287 m 3 -bar/kg-K. With p B ,oo = 1 atm = 
1.0133 bar, 

1.0133 bar 3 
Poo = 5 = 1.1280 kg/m J 



0.00287 m J -bar/kg-Kx313 K 

The density of the air/vapor mixture at the surface is p s = p As +PB,s- With pb, s = 1 atm - p As = 
1.0133 bar- 0.0317 bar = 0.9816 bar, 

PB,s 0.9816 bar 



PB,s = 



R B T s 0.00287|m 3 -bar/kg-Kjx298 K 



= 1.1477 kg/rrr 



Hence, p s = (0.0266 + 1.1477) kg/m 3 = 1.1743 kg/m 3 and p = (p s + poo)/2 = 1.1512 kg/m 3 . The 
Grashof number is then 

9.8 m/s 2 x(l. 1743-1. 1280)kg/m 3 (l m) 3 q 
Grr^ = ^ '— ^-^ = 1.467xlO y 

1.1512 kg/m 3 xfl6.39xl0" 6 m 2 /s 



and (GrL Sc) = 8.905 x 10 . The convection coefficient is then 
u _°AB 



L 



-Sh, 



0.27x10 4 m 2 /s 



1 m 



x 0.59 8.905x10° 



1/4 



0.00275 m/s 



The drying rate is then 

m A = 2.750 x 10" 3 m / s x 1 .0m(0.0226 - 0) kg / m 3 = 6.21 x 10" 5 kg / s • m. 
COMMENTS: Since p s > p^, the buoyancy driven flow descends along the garment. 
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PROBLEM 9.114 



KNOWN: A water bath maintained at a uniform temperature of 37°C with top surface exposed to 
draft-free air and uniform temperature walls in a laboratory. 

FIND: (a) The heat loss from the surface of the bath by radiation exchange with the surroundings; (b) 
Calculate the Grashof number using Eq. 9.65 with a characteristic length L that is appropriate for the 
exposed surface of the water bath; (c) Estimate the free convection heat transfer coefficient using the 

result for GrL obtained in part (b); (d) Invoke the heat-mass analogy and use an appropriate correlation 

to estimate the mass transfer coefficient using Grjj calculate the water evaporation rate on a daily 
basis and the heat loss by evaporation; and (e) Calculate the total heat loss from the surface and 
compare relative contributions of the sensible, latent and radiative effects. Review assumptions made 
in your analysis, especially those relating to the heat- mass analogy. 



Water surface 

A s = 0.25 m x 0.50 m 
T s = 37°C 




ASSUMPTIONS: (1) Steady-state conditions, (2) Laboratory air is quiescent, (3) Laboratory walls 
are isothermal and large compared to water bath exposed surface, (4) Emissivity of the water surface is 
0.96, (5) Heat-mass analogy is applicable, and (6) Constant properties. 

PROPERTIES: Table A-6, Water vapor (Too = 293 K): p A ,oo, sa t = 0.01693 kg/m 3 ; (T s = 310 K): 
PA, S = 0.04361 kg/m 3 , h fg = 2.414 x 10 6 J/kg; Table A-4, Air (T^ = 293 K, 1 atm): p B ,oo = 1-194 
kg/m 3 ; (T s = 310 K, 1 atm): p B , s =1.128 kg/m 3 ; (T f = (T s + T ro )/2 = 302 K, 1 atm): v B = 1-604 x 10" 5 
m 2 /s, k = 0.0270 W/m-K, Pr = 0.706; Table A-8, Water vapor-air (T f = 302 K, 1 atm): D A b = 0.24 x 
10" 4 m 2 /s (302/298) 3/2 = 2.45 x 10" 5 m 2 /s. 

ANALYSIS: (a) Using the linearized form of the radiation exchange rate equation, the heat rate and 
radiation coefficient can be estimated. 

h rad = ea (T s + T sur ) (t s 2 + T s 2 ur J (1) 
h rad =0.96^(310+ 298)(310 2 + 298 2 jK 3 =6.12 W/m 2 -K < 

%ad = h r ad As (^s ~ ^sur ) (2) 

q rad =6.12 W/m 2 -Kx(0.25x0.50)m 2 x(37-25)K = 9.18 W 

(b) The general form of the Grashof number, Eq. 9.65, applied to natural convection flows driven by 
concentration gradients 

GrL=g(poo-Ps)L 3 //^ 2 (3) 

where L is the characteristic length defined in Eq. 9.29 as L = A s /P, where A s and P are the exposed 

surface area and perimeter, respectively; p s and poo are the density of the mixture at the surface and in 

the quiescent fluid, respectively; and, p is the mean boundary layer density, (p^ + p s )/2, and v is the 

kinematic viscosity of fluid B, evaluated at the film temperature Tf = (T s + Too)/2. Using the property 
values from above, 

Continued 
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PROBLEM 9.114 (Cont.) 

Ps = PA,s +PB,s = (0.04361 + 1.128) kg /m 3 =1.1716 kg/m 3 

Poo = PA,<x> + PB,oo = $x)PA,oo,sat + PB,oo 

Poo = (0.6x0.01693 + 1. 194)kg/m 3 =1.2042 kg/m 3 

P = (Ps+Poo)/2 = l. 188 kg/m 3 
Substituting numerical values in Eq. (3), find the Grashof number. 

9.8 m/s 2 (1.2042-1. 1716)kg/m 3 x(0.0833 m) 3 

Gr L = v . 1 y L_ 



1.188 kg/m 3 (l. 604 xl0~ 5 m 2 /s)' 



Gr L =6.040 xlO 5 < 
where the characteristic length is defined by Eq. 9.29, 

L = A s / P = (0.25 x 0.5) m 2 / 2(0.25 + 0.50) m = 0.0833 m 

(c) The free convection heat transfer coefficient for the horizontal surface, Eq. 9.30, for upper surface 
of heated plate, is estimated as follows: 

Ra L =Gr L Pr L = 6.040xl0 5 x 0.706 = 4.264xl0 5 

Nu T = — = 0.54 RaJ /4 =13.80 
L k L 

h = 13.80x0.0270 W/m- K/0.0833 m = 4.47 W/m 2 -K < 

(d) Invoking the heat-mass analogy, the mass transfer coefficient is estimated as follows, 

Ra L,m = Gr L Sc = 6.040x 10 5 x 0.655 = 3.954x 10 5 
where the Schmidt number is given as 

Sc = WD AB = 1.604xl0" 5 m 2 / s/2.45xl0" 5 m 2 / s = 0.655 
The correlation has the form 

— _h m L_ ng/1 n j/ 4 



Sh T =-Q3— = 0.54 Rai'I, =13.54 

DL,m 
AB 



h m =13.54x2.45xl0" 5 m 2 /s/0.0833 m = 0.00398 m/s 
The water evaporation rate on a daily basis is 
n A = V A s (PA,sat -PA,cc) 

n A =0.00398 m/s(0.25x0.50)m 2 (0.04361-0.6x0.01693)kg/m 3 



Continued 
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PROBLEM 9.114 (Cont) 



n A =1.66x10 5 kg/s = 1.44 kg/day 



< 



and the heat loss by evaporation is 



qevap = n A h fg =1-66x10 5 kg/sx 2.414xl0 6 J/kg = 40.2 W 



< 



(e) The connective heat loss is that of free convection, 



q C v = hA s( T s- T oo) 

q cv = 4.47 W / m 2 x (0.25 x 0.50) m 2 (37 - 20) K = 9.50 W 



< 



In summary, the total heat loss from the surface of the bath, which must be supplied as electrical 
power to the bath heaters, is 



qtot - Qrad + qcv + Qevap 



q tot =(9.18 + 9.50 + 40.2)W = 59 W 



< 



The sensible heat losses are by convection (q ra( j + q cv ), which represent 31% of the total; the balance 
is the latent loss by evaporation, 68%. 
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PROBLEM 9.115 



KNOWN: Diameter and surface temperature of lake. Temperature and relative humidity of air. 
Surroundings temperature. 

FIND: Heat loss from lake by radiation, free convection, and evaporation. Justify use of heat transfer 
correlation outside of Ra L range. 



SCHEMATIC: 



Surroundings, T sur = 285 K 




T s = 30 °C 



D = 4 knr 



ASSUMPTIONS: (1) Steady-state conditions. (2) Negligible breeze. (3) Heat-mass transfer analogy 
is applicable. (4) Heat transfer correlation can be used outside of Ra L range. 

PROPERTIES: Table A-6, Water vapor (T* = 296 K): p A>00 , sat = 0.02025 kg/m 3 ; (T, = 303 K): p A>s = 
0.02985 kg/m 3 , h fg = 2.431 x 10 6 J/kg; Table A-4, Air (T, = 296 K, 1 atm): p Bj00 =1.180 kg/m 3 ; (T, = 
303 K, 1 atm): p BjS =1.151 kg/m 3 ; (T f = (T s + T^/2 « 300 K, 1 atm): v B = 1.589 x 10" 5 m 2 /s, k = 
0.0263 W/m-K, Pr = 0.707; Table A-8, Water vapor-air (T f * 300 K, 1 atm): D AB = 0.26 x 10" 4 m 2 /s 
(300/298) 372 = 2.63 x 10' 5 m 2 /s; Table A-ll, Water (T s * 300 K): s = 0.96. 



ANALYSIS: The radiation heat transfer can be calculated from 



Qrad ~ £a As (t s 4 T s 4 ur j 



= 0.96 x 5.67 x lO" 8 W/m 2 • K 4 x ««*X>*»\ ( 303 4 - 285 4 ' 



:(303 4 -285 4 )k 4 = 



1253 MW 



(1) 
< 



The natural convection above the lake surface is driven by the combination of temperature and 
concentration gradient. The general form of the Grashof number, Equation 9.65, is 

3, 2 



GrL=g(poo-p s ) L /PV' 



(2) 



where L is the characteristic length defined in Eq. 9.29 as L = A s /P, where A s and P are the exposed 
surface area and perimeter, respectively; p s and p- are the density of the mixture at the surface and in 
the quiescent fluid, respectively; p is the mean boundary layer density, (pa, + p s )/2; and v is the 
kinematic viscosity of the mixture (approximated here as the value for pure air), evaluated at the film 
temperature T f = (T s + T^)^. Using the property values from above, 

Ps = PA,s + PB,s = (0.02985 + 1 . 15 1) kg / m 3 = 1 . 1 8 1 kg / m 3 

Poo = PA,oo + PB,oo = ^ooPA.oo.sat + PB,oo 

Poo = (0.8 x 0.02025 + 1 . 1 80) kg / m 3 = 1 . 196 kg / m 3 

P = (ps+Poo)/2 = 1.189 kg/m 3 



L = A s /P = 



7t(4oooy 



rri / 71(4000) m = 1000 m 



Substituting numerical values in Equation (2) for the Grashof number, 



Pan tinned 
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PROBLEM 9.115 (Cont.) 



9.8 m/s 2 (l. 196-1. 18l)kg/m 3 x(l000 m) 3 , 7 
Gr L = ^ '— ^ — ^ = 5.01xl0 1/ 



1.189 kg/m 3 (l.589xl0~ 5 m 2 /s)' 



Then Ra L = Gr L Pr = 5.01xl0 17 x0.707 = 3.54xl0 17 < 

The free convection heat transfer coefficient for the upper surface of a hot plate is given by Equation 
9.31, but the Rayleigh number is larger than the upper limit specified for this correlation. However, 
since Ra L is raised to the 1/3 power, this correlation yields a heat transfer coefficient which is 
independent of L. Therefore it is reasonable to expect that the heat transfer coefficient calculated by 
this correlation is valid even though Ra L is outside the range. Proceeding, 

Nu T = — = 0.15 Ral /3 =1.06xl0 5 
L k L 

h = 1.06 xl0 5 x 0.0263 W/m-K/1000 m = 2.79 W/m 2 K 



q cv =hA s (T s -T o0 ) 

'tt(4000) : 



q cv =2.79 W/m 2 x 



m 2 (30-23)K = 246 MW 



Invoking the heat-mass analogy, the mass transfer coefficient is estimated as follows, 
Ra L,m = Gr L Sc = 5.01 x 10 17 x 0.604 = 3.03 x 10 17 

where the Schmidt number is given as 

Sc = v/D AB =1.589 x 10" 5 m 2 /s/2.63 x 10" 5 m 2 /s = 0.604 

The correlation has the form 

— = VL =015R i/3 =101xl0 5 
D AB L ' m 

h m =1.01 xl0 5 x 2.63 xl0" 5 m 2 /s/1000 m = 2.65xl0" 3 m/s 

The water evaporation rate on a daily basis is 
n A = h m A s (pA,sat - PA,oo ) 

n A = 2.65 x 10" 3 m/ s x n (4000 2 I A j m 2 (0.02985 - 0.8 x 0.02025) kg / m 3 

n A =4.54xl0 2 kg/s = 3.93xl0 7 kg/day 

and the heat loss by evaporation is 

qevap = n A h fg =4.54xl0 2 kg/sx2.431xl0 6 J/kg = 1105 MW < 

In summary, the total heat loss from the surface of the lake, which determines the rate at which the 
lake can be used to cool the condenser, is 

qtot = q ra d + q cv + q e va P = 1253 MW + 246 MW + 1 105 MW = 2604 MW < 

COMMENTS: The sensible heat losses are by convection (q rad + q cv ), which represent 58% of the 



total; the balance is the latent loss by evaporation, 42%. 

irs for distribution on a 
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PROBLEM 9.116 



KNOWN: Fuel cell cathode dimensions, oxygen mass fraction in the ambient and adjacent to 
the cathode, orientation of cathode, relationship between oxygen transfer rate and electrical 
current. 

FIND: Maximum possible electrical current produced by the fuel cell. 



SCHEMATIC: 




Case A: Vertical Cathode Case B: Horizontal Cathode 



ASSUMPTIONS: (1) Ideal gas behavior, (2) Isothermal conditions, (3) Thermophysical 
properties of species B are those of air, except for the mass density. 

PROPERTIES: Table A.4, air: (p = 1 atm, T f = 298 K): v = 1.571 x 10" 5 m 2 /s, Table A.8, 
oxygen in air: D AB = 0.21 x 10~ 4 m 2 /s. 

ANALYSIS: The molecular weights of oxygen (A) and nitrogen (B) are Ma - 32 kg/kmol and 
Mb = 28 kg/kmol, respectively. The mole fraction of A in the ambient is x Aj00 = (m Aoo /iW A )/[m Aoo / 
M A + (1 - m Aoo )/ M B ] = (0.233/32 kg/kmol/[0.233/32 kg/kmol + (1 - 0.233)/28 kg/kmol] = 0.210. 
Therefore, x B>00 = 1 - 0.210 = 0.790. The molecular weight of the ambient gas is M«, = x A m 
3W A +(l-x Aj00 )% = 0.210 x 32 kg/kmol + (1 - 0.210) x 28 kg/kmol = 28.84 kg/mol. The gas 
constant of the ambient is R m = = 8.315 kJ/kmol-K/28.84 kg/kmol = 288.3 x 10~ 3 kJ/kg-K. 

The mole fraction of A at the surface is x A s = (m A>s /5W A )/[m A s /5W A + (1 - m A s )/fM B ] = (0.10/32 
kg/kmol)/[0.1/32 kg/kmol + (l-0.1)/28kg/kmol] = 0.089. Therefore, x B , s = 1 - 0.089 = 0.911. The 
molecular weight of the gas at the surface is M % = x a , % Ma + (1 - x A s )fM B = 0.089 x 32 kg/kmol + (1 
- 0.089) x 28 kg/kmol = 28.36 kg/kmol. The gas constant of the fluid at the surface is R s = 0M S 
= 8.315 kJ/kmol-K/28.36 kg/kmol = 293.2 x 10~ 3 kJ/kg-K. 



The ambient gas density is 



RJT 288.3 xl0~ J kJ /kg- Kx(25 + 273)K 
The surface gas density is 



1.0133xl0 5 N/m 2 „™„ T , T , , 3 

3 - x0.001kJ/J = 1.1794kg/m J 



Continued. 
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PROBLEM 9.116 (Cont.) 



1.0133xl0 5 N/m 2 



-x0.001kJ/J = 1.1597kg /m 3 



s R S T 293.2 xl(T 3 kJ/kg-Kx (25 + 273)K 

The average gas density is p = (1.1794 kg/m 3 + 1.1597 kg/m 3 )/2 = 1.1696 kg/m 3 . 
Case a: Vertical Cathode . The Rayleigh number is 



Ra L = Gr L Sc = [g (p s - Poo ) L 3 / pv 2 ] x [v / D AB ] 



9.8m/s 2 x (1.1597 - 1.1794)kg/m 3 x (0.12m) 3 
1.1696kg/m 3 x 1.571 x 10~ 5 m 2 /s x 0.21 x 10~ 4 m 2 /s 



865xl0 J 



and the Schmidt number is Sc = v/D AB = 1-571 x 10" 5 m 2 /s/0.21 x 10" 4 m 2 /s = 0.748. The heat and 
mass transfer analogy may be applied to the Churchill and Chu correlation to yield 

^ 2 



h T " 
nm,L — 



0.825+ °- 387Ra ^ 



1/6 



l + (0.492/Sc) 9/16 J 



0.21xl0~ 4 m 2 /s 



0.12m 



0.825 + - 



0.387 x (865 xl0 3 ) 1/6 



[l + (0.492/0.748) 9/16 ] 8/27 



= 0.0028m /s 



The mass transfer rate is 

n A = h m , L A s (pA,s "PA,*,) = 0.0028m/s x (0.12m) 2 x (1.1597kg/m 3 x 0.1- 1.1794kg /m 3 x 0.233) 
= -6.4xl0~ 6 kg/s 

The negative sign implies oxygen transfer to the cathode. The electric current is 

4x6.4xl0~ 6 kg/sx96489coulombs/molxl000mol/kmol . ^ 

I = 4n A <F/W A = = 77 A < 

32kg/kmol 

Case b: Horizontal, Upward Facing Cathode . Since p s < p^, the analogous situation is the upper 
surface of a hot plate. The characteristic length is L = A s /P = L 2 /4L = L/4 = 0.12 m/4 = 0.03 m. 
The Rayleigh number is 

Ra 9.8m/s 2 x (1. 1597 - 1.1794)kg/m 3 x (0.03m) 3 _ 13500 
L ~ 1.1696kg/m 3 x 1.571 xl0~ 5 m 2 /sx 0.21 xl0~ 4 m 2 /s ~ 



Continued. 
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PROBLEM 9.116 (Cont.) 

From Equation 9.30, 

ShL = 0.54 x (13500) 174 = 5.82 and h L = Sh L D AB /L = 5.82 x 0.21 x 10~ 4 m 2 /s/0.03m = 0.0041m/s 
Hence, the mass transfer rate is 

n A = 0.0041m/s x (0.12m) 2 x (1.1597kg/m 3 x 0.1 - 1.1794kg /m 3 x 0.233) = -9.38 x 10~ 6 kg/s 

and the electric current is 

4x9.38xl0~ 6 kg/sx96489coulombs/molxl000mol/kmol ^ 

1 = = 102A < 

32kg /kmol 



COMMENTS: Although the analysis is approximate because of the assumption of isothermal 
conditions, the fuel cell performance is clearly dependent upon its orientation. 
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PROBLEM 10.1 

KNOWN: Water at 1 atm with T, - T Mt = 10 S C. 

FEND: Show thai the Jakob number is much less than unity; what is the physical significance of the 
result; does result apply to other fluids 0 

ASSUMPTIONS : (L) Boiling situation, T s > T sat . 

PROPERTIES: Table A- 5 and Table A-6, (1 atm): 



hf g (kJ/kg) c p . £ (J/kg-K) T Ht CK) 



Water 2257 4217 373 

Ethylene glycol 812 2742 * 470 

Mercury 301 135.5* 630 

R-134a 217 L2S1 247 

K Estimated based upon value at highest temperature cited in Table A-5. 

ANALYSIS: The Jakob number is the ratio of the maximum sensible energy absorbed by the vapor 
or liquid to the Latent energy absorbed during boiling or condensation. That is : 

Ja = CpAT/hfg 

The Jakob number can be based on the liquid or vapor specific heat depending on the circumstances. 
Since they are the same order of magnitude and we have liquid specific heats available for all the 

fluids listed above, we will use Cp t . 

For -water with an excess temperature AT, = T e - Ta; = 1 0°C, find 
Ja = (4217 J/kg-K *10K)/2257xl0 3 J/kg 
Ja =0.019. 

Since Ja « 1 , the implication is that the sensible energy absorbed by the vapor is much less than the 
latent energy 7 absorbed during the boiling phase change. Using the appropriate thennophysical 
properties for three other fluids, the Jakob numbers are: 



Ethylene glycol Ja = (2742 J /kg K x 10K)/S12 x I0 3 J / kg = 0.0338 



< 

3 



Mercwy. Ja = (135.5J/kgKxl0K)/3Qlxl0 J J /kg = 0.0045 < 

Refrigerant, R-12: Ja = (1 28 1 J / kg - K x 1 OK) / 2 1 7 x 1 Q 3 J / kg = 0.059 < 

For ethylene glycol and R-12. the Jakob number is larger than the value for water, but still much less 
than unity. Based upon these example fluids, we conclude that generally we' d expect Ja to be much 
less than unity. 

COMMENTS: We would expect the same low value of Ja for the condensation process since Cp. E 
and Cp.f are of the same order of magnitude. 
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PROBLEM 10.2 



KNOWN: Horizontal 20 mm diameter cylinder with AT e = T s - T &at = 5°C in saturated water 1 atrn. 

FEND: Heat flux based upon free convection correlation; compare with boiling curve. Estimate 
maximum value of the heat transfer coefficient from the boiling curve. 

SCHEMATIC: 



T 5 =W°C 




Wafer, Id 1 7n 



ASSUMPTIONS: (1) Horizontal cylinder. (2) Free convection, no bubble uucleahon. 

PROPERTIES: Table A-6 : Water (Saturated liquid, Tf = (Tjat + T s y2 = 102.5 D C s 375K): p ( = 956.9 

3 -6 2, -6 -1 

ka/m , c p ; = 4-220 J.'kg-K, = 274- x 10 N-s/m : k £ = 0.681 W/m-K, Fr = 1.70, p = 761 x 10 K . 

ANALYSIS: To estimate the free convection heat transfer coefficient, use the Churchill-Chu 
correlation. 

i2 



— hD 



0.60- 



0.387 Ra^ 6 



5/27 



[l + (0.S59/Pr)*' 1,S ] 

Substituting numerical values, with AT = AT e = 5°C, find 

g fi iT D 3 9.8m/ s 2 x 76 1 x 10~ 6 K" 1 x 5°C ( 0.020m) 3 



Ra D = - 



|^274 x 10 6 N - <s / m 2 / 95(5.9 kg/ m 3 



xl. 686x10 7 m 2 /s 



- = 6.178xI0 u 



where a = k'p c P = {0.681 W/m-K/956.9 kg.'m 3 x 4220 J/kgK) = 1.686 x 10"' m 2 /s. Note mat Rao is 
within the prescribed limits of the correlation. Hence, 



Nu D = 



0.60- 



0.387 |d.l78xl0 6 j ly 
[l +(0.559/1. 70 f' 16 j 



= 27.22 



- ^ k 27.22xO.6SlW/mK „ 0 . ir . ? „ 

hf r = Nun — = = 928W/m K. 

D 0.020m 

Hence, q' = h fc AT e = 4640 W / m 2 

From the typical boiling curve for water at 1 atm, Fig. 10.4, find at AT e = 5' 3 C that 
q^8.5xl0 3 W/m 2 

The free convection correlation underpredicts (by 1 .8) the boiling curve. The 
can be estimated as 

"max * Imax > AT e = 1 .2 x 1 0 6 MW / m 2 ■' W'C = 40, 000 W / m 2 ■ K 

COMMENTS: (1) Note the large increase in h with a slight change in AT e . 

(2) The maximum value of h occurs at point P on the boiling curve. 
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PROBLEM 10.3 



KNOWN: Spherical bubble of pure saturated vapor in mechanical and thermal equilibrium with its 
liquid. 

FEND: (a) Expression for the bubble radius, (b) Bubble vapor and liquid states on a p-v diagram: how 
changes m these conditions cause bubble to collapse or grow, and (c) Bubble size for specified 
conditions'. 



SCHEMATIC: 



Interface $-v 



Saturated vapor t v 
^sat v> Psat v 



Surface tension fo^e 

Interface 
bubble 



Conditions ; 

Vapor saturated at 101'C 
liquid pressure corresponding 
to saturation temperature J0O"C 





Saturated 
vapor 



ASSUMPTIONS: (1) Liquid-vapor medium, (2) Thermal and mechanical equilibrium. 

PROPERTIES: Table A-6, Water (T, at = 101 S C = 374. 15K): p sat = 1.0502 bar; (T Ht = 100°C = 
373.15K): p^t = 1 0133 bar, u = 58.9 x 10" 3 N/m. 

ANALYSIS: (a) For mechanical equilibrium, the difference in pressure between the vapor inside the 
bubble and the liquid outside the bubble will be offset by the surface tension of the liquid-vapor 
nit erface. The force balance follows from the free-body diagram shown above (right). 



F st=|^ r b) i P = (pi-Po)|^ r b) 
( 2jri b) £r = ( jrr b)(Pi-Po) 



ib = 2ff/ (pi _ Po) 



(1) 



Thermal equilibrium requires that the temperatures of the vapor and liquid be equal. Since the vapor 
inside the bubble is saturated pi = p sa t.v (T). Since po < pi, it follows that the liquid outside the bubble 
must be superheated: hence, p 0 = p^ (T). the pressure of superheated liquid at T. Hence, we can 
write. 



rb=2<J.'( 



Psat.v-p-f, 



<2) < 



(b) The vapor [1] and liquid [2] states are represented on the following p-v diagram. Thermal 
equilibrium requires both the vapor and liquid to be at the same temperature [3]. But mechanical 
equilibrium requires that the outside liquid pressure be less than the mside vapor pressure [4]. Hence 
the liquid must be in a superheated state. That is ; its saturation temperature, T iat (p 0 ) [5] is less than 
WPi)- T> =T, it! lp s )<-mdp 0 = p ( . 



Continued 
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PROBLEM 10.3 (Cont.) 

■Vapor dome 



Pi =Psatvf T ) 
® 
Pb'Pt 



\ t-Q) Saturated vapor 



®T=T &lltv (p,) 




H^) Superheated /Squid 



< 

The equilibrium condition for the bubble is unstable. Consider situations for which the pressure of the 
surrounding liquid is greater or less than the equilibrium value. These situations are presented on 
portions of the p-v diagram 



When P ;<p 0= T^<T^ v and 

heat must be transferred out of 
the bubble and vapor condenses. 
Hence, the bubble collapses. 



A similar argument for the condition p' c > p 0 leads to TJ- > T ;aT v and hear is Transferred into the 
bubble causing evaporation with the formation of vapor. Hence, the bubble begins to grow, 
(c) Consider the specific conditions 

T sat v = 1 0 1 P C and 1 { = T sat ( Po ) = 1 Q0°C 

and calculate the radius of the bubble using the appropriate properties in Eq. {2). 



ib = 2x58.9x10 3 — /(1.05Q2 -1.0133) barx 



n-, = 0.032 nun. 



10 5 ^-/bar 
m ) 



Note the small bubble size. This implies that nuclearion sites of the same magnitude formed by pits 
and crevices are important in promoting the boiling process. 
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PROBLEM 10.4 

KNOWX: Long ware, L mm diameter, reaches a surface temperature of 12(rC in water at 1 aim while 
dissipating 3 150 W/m. 

FLND: (a) Boiling heat transfer coefficient and (b) Correlation coefficient. Q f, if nucleate boiling 
occurs. 



SCHEMATIC: 



lat™ 



= 3 150 W/m 



-El 



T^=1Z6"C, D=lmTTt 



ASSUMPTIONS: (1) Steady-state conditions. (2) Nucleate boiling. 



, 3 



PROPERTIES: Table A-6, Water (saturated, 1 atm): T s = 100°C, p { = 1/vf = 957.9 kg/rn : pf = 
1/vg = 0.5955 kgftn 3 , Cp t =4217 J/kgK, jty = 279 x 10"*N-sfai 2 , Rq =1.76, hf ? = 2257 kJ/kg, a = 
58 .9 x 10" 3 N7m. 

ANALYSIS: (a) For the bailing process, the rate equation can be rewritten as 



k = q^(T s -T„ t )=-^/(T, 



~ 1&at J 



h = 3150W;m / (126-1 00) = C = 1 .00 x 1 0 6 / 26°C = 38, 600 W / m 2 - K. 
nx 0.001m ' m 2 

Note the heat flux is very close to q^^- and nucleate boiling does exist. 

(b) For nucleate boiling, the Rohsenow correlation may be solved for C? f to give 



IT 

Is 



1/3 r 



nl/o 



£7 



Assuming the liquid- surface combination is such that n = 1 and substituting numerical values with AT e 
= T, -T sa t, find 

nil 6 



C Bl f = 



1 279 x 10 6 N ■ s / in 2 x 2257 x 10 3 J / kg 



■ 1/3- 9.8^j-(9.57.9- 0.5955}-^- 



1.00*lO 6 W/ni 2 



26K 



m 



5E.9xlO J N/m 



4217 J /kg 
! " ■ : ■ \>r J kg ■ 1.76 



= 0.017. 



COMMENTS: By comparison with the values of Cr f for other water- surface combinations of Table 
10.1, the C 5 f va lue for the wire l s large, suggesting that its surface must be highly polished. Note that 
the value of the boiling heat transfer coefficient is much larger than values common to single-phase 
convection. 
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PROBLEM 10.5 



KNOWN: Nucleate pool boiling oil a 10 mm-diaineter tube maintained at AT e = 1 0°C in water at 1 
atm: tube is platinum-plated. 



FIND : Heat transfer coefficient. 
SCHEMATIC: 




Pi aft nam -copied titbz } 



ASSUMPTIONS: (1) Steady- state conditions. (2) Nucleate pool boiliug. 

PROPERTIES: Table A-6 : Water (saturated, 1 atm): T s = 100°C, p( = 1/vf = 957.9 kg/m : p v = 
1/vg = 0.5955 kg/m , c p j = 4217 J/kgK, fj( = 279 x 10" N-s'm , Pr/ = 1.76 7 = 2257 kJ/kg, u = 
5S.9 x 10" 3 N/m. 

ANALYSIS: The heat transfer coefficient can be estimated using the Rohsenow nucleate-boiling 
correlation and the rate equation 



H h fg 



AT e A T e 



1 2< 



AT- 



C^fkfgPr", 



From Table 10.1. find C ; _f = 0.013 and n = 1 for the water-platinum surface combination. Substituting 
numerical values, 

1/2 



279 x lO^N - s / m 2 x 2257 x 1 0 3 J / kg 


9.8m/s 2 (957.9 - 0.5955)kg /m 3 


10K 


58.9 xl(T 3 N/m 



4217J/kg-KKlOK 



0.013 x 2257 x 10 3 J /kg x 1_76 ; 
h = 13,690 W.'m- K. 



COMMENTS: For this liquid-surface combination, q" =0.137 MW ■■' rn , which, is in general 

agreement with the typical boiling curve of Fig. 10.4. To a first approximation, the effect of the tube 
diameter is negligible. 
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PROBLEM 10.6 

KNOWN: Saturated water at 1 ami boiling on large, horizontal, polished copperplate. 

FEND: Nucleate boiling' heat flux over excess temperature range 5°C < &T e < 30 D C:. Compare with 
Figure 10.4. Find excess temperature corresponding to critical heat flux. 

SCHEMATIC: 




Polished copper 



AS SO IPTIONS : ( 1 ) S teady- state c auditions . (2) Nucleate pool boiling. 

PROPERTIES: Table A-6, Saturated water (1 atm): T 3at = 100°C = p £ = 957.9 kg/m 3 p v = 0.596 
kg/'m 3 , c p _ f = 4217 J/kg K, u c = 279 x lO^N-s/m 3 , Pr/ = 1.76, cr = 58.9 x 10" 3 N/m, h^= 2357 
kJ.kg. 

ANALYSIS: The nucleate pool boiling heat flux can be estimated using the Rohsenow correlation. 



e(Pi 



-Pv) l 1/2 f c p 5 f AT e 
° J l,C, f h fg Prf ; 



From Table 10.1, find for this liquid- surface combination. Cr : n = 0.0 12S and n = 1, and substituting 
numerical values, 



q;: = 279x10 6 N-s/m 2 x2257xl0 3 J/kg 



9.8 m/s- (957.9 - Q.596)kg/m J 



1/2 



5S.9xlO J N/m 



x3 

4217 J/kg-KxAT e 
,0.012Sx 2257xl0 3 J/kgxl.76 ; 



= 143(AT e ) 3 W/m 2 . 



Thii is plotted below. 



Continued. 
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PROBLEM 10.6 (Coiit.) 



FT 

S 1,000,000 
(II 

- 

3 ioo.doo 
I 

10,000 

5 10 15 20 25 30 

Excess temperature, Ts - Tsat (K; 



Compared ivith Figure 10.4, we see rhar this curve it a straight line on a log-log plot. The heat flux is 
higher than in Figure 10.4, especially for the higher values of excess temperature. 

To find the excess temperature corresponding to the critical beat flux, we equate Eqs. (10.5) and (10.6) 
and solve for iT e . 




AT e = 



g(P/-Pv) 



1/2 



3 



c p.i iT e 



c s.f h fg Pr f 



Cb f „p v 



°g(P/-Pv) 



= Ch fg p 
1/4 // 



gg(p.f:-Pvj 



1/4 



Pv 



g(P/-Pv) 



1/3 



where C = 0. 149 for a large horizontal plate. Substituting numbers we find 



COMMENTS: (1) The correlation .and Figure 10.4 do not agree extremely well. The error is worst 
near OXB (70% error at AT e = 5°C) and CHF ( 1 70% error at AT e = 30 D C). Since the correlation is a 
straight line on a log-log plot, it doesn't reproduce the curvature at the two ends of the curve. Since 
the correlation isn't accurate near CFIF, it does not do an excellent job of predicting AT S , which 
appears to be around 30°C from Figure 10.4. (2) Figure 10.4 is a typical boiling curve. The boiling 
curve will shift as different boiling surfaces and geometries (and. an turn, different values of C,J\ are 
considered. 
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PROBLEM 10.7 



KNOWN: Simple expression to account for the effect of pressure on the nucleate boiling convection 
coefficient in water. 

FEND : Compare predictions of tins expression with the Rons enow correlation for specified A T e and 
pressures (2 and 5 bar) applied to a horizontal plate. 

ASSUMPTIONS: (1) Steady-state conditions, (2) Nucleate pool boiling, (3) C sS = 0.013, n = 1. 
PROPERTIES: Table A- 6', Saturated water (2 bar): p ( = 942.7 kg/ml c p J =4244.3 J/kg-K, ;// = 

230.7 x 10" 6 N&W, Pr^ = 1.43, k fe = 2203 kJ/kg, o = 54.97 x ID" 3 N/m, pv = L10S2 kg/rrf ; 
Saturated water (5 bar): ^ = 914.7 kg/'m 3 , c p j = 4316 JVkgX, ^ = 179 x 10" 6 N-s/m 2 , Pr/ = 1.13, 

hf g = 2107.8 kJ/'kg, a = 48.4 x 10~ J N/m, pv = 2.629 kg/ml 

ANALYSIS: The simple expression by Jakob [51] accounting for pressure effects is 

h=C(AT e ) n (p/p a )° 4 (1) 
where p and p a are the system and standard atmospheric pressures. For a horizontal plate, C = 5.56 
and n = 3 for the range 1 5 < q* < 235 k W / rn 2 . For AT e = 10°C, 

p = 2 bar h = 5.5o"(l 0) 3 (2 bar / 1 .0133 bar) 0 4 = 7, 29E W / m 2 ■ K, q" = 73 kW / m 2 < 
p = 5bar h = 5.56(t0) 3 (5bar/1.0133bar)°- 4 =10, 529 W/m 2 K, q" = lOikW/m 2 < 

where = hAT e . The Rohsenow correlation, Eq. 10.5. with C r . f = 0.013 andn = 1, is of the form 

-,3 



s(P£~Pv) 



il/2 



c p^ T e 



C s> f hf g 



Pr 



(2) 



p = 2 bar. £ = 230.7 x io 6 ^-^ x mi x ic 3 — 

■ ■ k s 



m is 
?.S— I 942.7 -1.1082)— 
1 i 



54.9" k 10 "N/m 



4244.3 J bl? 10K 
3 I 

0.01 3 x 2203 x 10 — xl.4i" 



q^ =232 kW/m 2 
p=5bar: q^ = 439 kW.'m 2 . 

C02vDIENTS: For ease of comparison, the results with p a = 1 .0 1 33 bar are: 



< 
< 



q£ |kW/m 2 J 



Correlation-p (bar) 



1 



Simple 
Rohsenow 



56 73 
135 232 



105 
439 



Note that the range of is withm the limits of the Simple correlation. The comparison is poor and 
therefore the correlation is not to be recommended. By manipulation of the Rohsenow results, find 

that the (p-'Po)^ dependence provide* m * 0.75, compared to the exponent of 0.4 in the Simple 
correlation. 
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PROBLEM 10.8 



KNOWN: Diameter of copper pan. Initial temperature of water and saturation temperature of boiling 
water. Range of heat rates (1 < q < 100 kW). 

FEND: (a) Variation of pan temperature with heat rate for boiling water, (b) Pan temper ature shortly 
after start of heating with q = 8 kW 

SCHEMATIC: 

<f~Water ~p 
Tj = 20°C 

1^= 100°C 

Copper, Ts 




ASSUMPTIONS: (1) Conditions of part (a) correspond to steady nucleate boiling, (2) Surface of pan 
corresponds to polished copper. (3) Conditions of part (b) correspond to natural convection from a 
heated plate to an infinite quiescent medium, (4) Negligible heat loss to surroundings. 

PROPERTIES: TableA-6, saturated water (T, at = 100°C): p t - 957.9 kg/m 3 , p v = 0 SOkg.'m 3 , 
c pjf = 4217 J/ kg K, f*t =279xlO HS N-B/m 2 , Pr^ =1.76, h f = 2.257 x 10 6 J .'kg, a = 0.05 39 N,' M. 

TableA-6, saturated water {assume T s = 100°C, T f = 6(fC = 333 K): p= 983 kg/m J , ^=467 x 10" 5 

IC-s'hi 2 . k = 0.654 W/'mK, Pr= 2.99, J3= 523 x 10" 6 K _1 . Hence. v= 0.475 x 10" S m7s, a= 0.159 x 

-6 2, 
10 m/s. 



ANALYSIS: (a) From Eq. (10.5), 



AT e - Tc; T sat — 



c a h fgP< 



■ 1 3 



q s / in hf g A s 



•iu \[z{p l - Pv )io'] 



1/2 



For n =1.0. C s _f = 0.0128 and A, = jS^iA = 0.0707 m , the following variation of T s with q 3 is 
obtained. 

1 25 ■ 




D 2D0DD JDaDD 6D0DD 5 BO DO 10DDOD 

Heal rale :W: 



As indicated by the correlation, the surface temperature increases as the cube root of the heat rate, 
permitting large increases m q for modest changes in T,. For q = 1 kW, Ts — 1 04.7 D C, winch is barely 
sufficient to sustain boiling. 

7 11 

(b) Assuming 10' < Ra]_. ::: 10 , the convection coefficient may be obtained from Eq. (9.31). Hence, 
with L = Aj/P = D/4 = 0.075m, 

Continued 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 10.8 (Coiit.) 



r fk^i 1:3 i 0.654 W/m-K \ 

h = - O.lSRar = 0.15 

\LJ \ 0.075m J 

= 1 30g( 2.86 < 10 7 ^ 3 (T s -Ti ) L '' 3 = 400(T S . -Ti) 1/: 

2 7 
With As = ,tD /4 = 0.0707 m~, the heat rate is then 

q = hA s (T s - Ti ) = [400 W / in 2 ■ K 4 / 3 ) 0.0707 m 2 (T s - Tj )' 

With q= 8000 W 7 



9.8 m/s 2 x 523x10 6 K 1 (T, -1- )(0.075m) 3 
0.475 x 0.1 59 Kl0 _11 m 4 :s 2 



T s = Ti + 69°C = S9 c C < 

COMMENTS: (1) With (T, - Tj) = fi9°C = Ra L = 1 .97 x 10 9 , which is within the assumed Rayleigh 
number range. (2) The surface temperature increases as the temperature of the water increases, and 
bubbles may nucleate when it exceeds 1Q0°C. However, while the water temperature remains below 
the saturation temperature, the bubbles will collapse m the ™b cooled liquid. 
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PROBLEM 10.9 

KNOWN: Fluids at 1 aun: mercury, ethanol, R-134a. 
FIND: Critical heat flux; compare with value for water also at 1 ami. 
ASSUMPTIONS: (1) Steady-state conditions, (2) Nucleate pool boiling. 
PROPERTIES: Table A- 5 and Table A-6?X 1 atm, 





hf g 


Pv 


Pi 


r 

a x 10 


T 53t 




(kJ/kg) 


(kg/m ) 


(kg/m ) 


(N/m) 


(K) 


Mercury 


301 


3.90 


12,740 


417 


630 


Ethanol 


846 


1.44 


757 


17.7 


351 


R- 1 34a 


217 


5.26 


1,377 


15.4 


247 


Water 


2257 


0.596 


957.9 


5B.9 


373 



ANALYSIS: The critical heat flux can be estimated by Eq. 10.6 with C = 0. 149, 

-ilM 

rrcr ( rit — n..\ 

limns =0.149 h fg p v 



Pv 2 



To illustrate the calculation procedure, consider numerical values for mercury. 
q Qiax = 0. 149 x 30 1 x 10 3 J / kg x 3 .90kg / in 3 x 

417 xlO" 3 N/mx9.8m/s 2 (12,740 -3. 90)kg/m 3 



(3.90 kg/ in 3 J 



1 4 



For the other fluids, the results are tabulated along with the ratio of the critical heat fluxes to that for 



water. 



Flluid q uiax M W / in - Rmax Imax, w ater 



Mercury 
Ethanol 

R-134a 
Water 



1.34 
0.512 

0.281 
1.26 



1.06 
0.41 

0.22 
1.00 



COMMENTS: Note that, despite the large difference between niercury and water properties, their 
critical heat fluxes are similar. 
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PROBLEM 10.10 



KNOWN": Copper pan, 150 mm diameter and filled with water at 1 atm, is maintained at 1 L5°C. 

FEND: Power required to boil water and the evaporation rate: ratio of heat flux to critical heat flux; 
pan temperature required to achieve critical heat mix. 



SCHEMATIC: 




////////////// v//////// 



\/ //////, 




Part, D=150mm 
Electric range elemenf 



ASSUMPTIONS: (1) Nucleate pool boiling. (2) Copper pan is policed surface. 
PROPERTIES: Table A-6, Water (L atm): T 3at = IQ0°C, p/ =957.9 kg'm 3 p v =0.5955 kg/m 3 , 
Cp j = 4217 J.'kgK, /J f = 279 x 10~* N-s/m 2 , Pr £ = 1.76, h fg = 2257 kJ/kg, cj = 58.9 x 1Q~ 3 N/'m. 

ANALYSIS: The power requirement for boiling and the evaporation rate can be expressed as 
follows, 

qboil = <H- A i n»=qboil /ll fg 
The heat flux for nucleate pool boiling can be estimated using the Roh&enow correlation. 

■A I if .— \ 3 

-I ,1. -- ;L . 



c pjf AT e 



^C sf h fg Pr u 



Selecting C t f = Q.G 1 28 and n = 1 from Table 1 0. 1 for the polished copper finish, find 



-6 N * 3 J 

ql =179*10 v: 2257 >: 10 — 

m 2 tg 



9.8— (957.9 - 0.5955) -2L 



53.9x10 N/m 



\3 



4217- 



kg-K 



- ■ IPC 



3 J 

0.0128x2257x10 — xl.76 



q* = 4.839 xlO 5 W/ in 2 . 
The power and evaporation rate are 

q boil = 4. 839x1 0 5 W/m 2 x ^(0.1 50m) 2 =8.55 kW 

niboil = 8. 5 5 fcW / 2257 x 10 3 J / kg = 3.79 x 10~ 3 kg / s = 14kg / h. 
The maximum or critical heat flux was found in Example 10.1 as 



< 
< 



q niax = 1 . 2 6 M W / m ~ . 
Hence, the ratio of the operating to l 



i heat flux is 



= 4.6 1 9 x 1 0 5 W / in 2 / 1 .26 MW /m 2 = 0.384. 

^max 

From the boiling curve, Fig. 10.4, AT e a 30°C will provide the l 



l heat flux. 



< 
< 
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PROBLEM 10.11 



KNOWN: Nickel- coated heater element exposed To saturated water at atmospheric pressure: 
thermocouple attached to the insulated, backside surface indicates a temperature T c = 26o\4 = C when 
die electrical power dissipation in the hearer element is 6.950 x 10~ W/rrA 

FEND : (a) From the foregoing data, calculate the surface temperature, T,. and the heat flux at the 
exposed surface, and (b) Using an appropriate boiling correlation, estimate the surface temperature 
based upon the surface heat flux determined in part (a). 



SCHEMATIC: 



Saturated water 



Nickel-coated surface, T. 



Currenl 



L = 15 mm 



w/w/w/<w/.*y//*y//.*y//m 

T 0 = 266.4°C 



Heater element 
H = 50 Wm-K 
6.95x1 O'YWm 3 



ASSUMPTIONS : (1) Steady-state conditions. (2) Water exposed to standard atmospheric pressure 
and uniform temperature, T, at . and [3) Nucleate pool boiling occurs on exposed surface, (4) Uniform 
volumetric generation in element, and (5) Backside of heater is perfectly insulated. 

PROPERTIES : Table A - o". Saturated water, liquid { 1 00°C) : p ( = 1 / v f =957 9 kg/m 3 , 
Cpj-cp f -4.217 kJ/kg K, ti t - /if = 279xlO _6 N- s/in 2 , Pr f = Pr f -1.76. hf g = 2257 kJ/kg, 
u - 58.? >: 10 _J N/m, Saturated water, vapor (100 C C): pv = l/v B = 0.5955 kgW. 
ANALYSIS: (a) From Eq. 3.43, the temperature at the exposed surface, T s , is 

6.95 xl0 7 W/m 3 (0.015 mf 



X =T 0 -^- = 266.4°C -- 
4 0 2k 



2 x 50 W / m ■ K 



T S =110.0°C 
The heat flux at the exposed surface is 

q£ = qL = 6.95 x 10 7 W /m 3 x 0.015 m = 1 .043 x 1 0 6 W . m 2 

(b) Since AT e = T s - T^t = (1 10 - 1Q0)°C = 10 S C. nucleate pool boiling occurs and the Rohsenow 
correlation, Eq. 10.5. with qjj from part (a) can be used to estimate the surface temperature, T, x , 



E(P£-Pv) 









c p, '. iT < 



e.c 



From Table 10.1, for the ivater- nickel surface-fluid combination, C, f = 0.006 and n = 1.0. 
Substituting numerical values, find AT ec and T s f . 

Continued . 
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PROBLEM 10.11 fit) 



1.043xl0 6 W/m : 



2 = 279 x 1 O^N ■ s / m 2 x 2251 x 1 0 3 J / kg 



9.8 m/s 2 (957.9 -0.5955) kg/ 




iii 



58.9x10 J \/m 



4.217xl0 3 J.'kg KxAT ec 



■3 



■ 



t 0.006 x 2257 xl0 3 J/kgx 1.76 



AT e , c =T 5;C -T sat =9.PC 



109.PC 



< 



COMMENTS: From the experimental data, part (a), tlie surface temperature is determined from the 
conduction analysis as T s = 110.0°C. Using the traditional nucleate boiling correlation with the 
experimental value for the heat flux, the surface temperature is estimated as TYc = 109.1 C C. The two 
approaches provide excess temperatures that are 10.0 vs. 9.1 °C. which amounts to nearly a 10% 
difference. 
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PROBLEM 10,12 



KNOWN": Cliips on a ceramic substrate operating at power levels corresponding to 50% of the critical 
heat flux. 

FIND: (a) Chip power level and temperature rise of the chip surface, and (b) Compute and plot the chip 
temperature T ; as a function of heat flux for the range 0.25 < /q ulax < 0.90 . 

SCHEMATIC: 



□ □ □ y Chip, 25 mm 2 

nun 

□ □ □ Chip array 

□ □ □ 



Substrate 




ASSUMPTIONS: (1) Nucleate boiling, (2) Fluid-surface with C,j= 0.004, n = 1.7 for Rohsenow 
correlation. (3) Backside of substrate insulated. 

PROPERTIES: Table AS, Refrigerant R-134a (latin): T i5f = 247 K = -26°C, p, = 1377 kg'm 3 , p v 
= 5.26 kgm 3 , h E? = 217 kl'kg, a = 15.4 x 10"" 3 N/m; R-134a, sat. liquid (given. 247 K): c p { = 1551 

I'kg-K, u ( = 1 .46 x 1 0" 4 X siW , Pr £ = 3.2. 

ANALYSIS: (a) The operating power level (flux) is 0.50q" mx , where the critical heat flux is estimated 
from Eq. 10.6 with C=0.149 for nucleate pool boiling. 

ciniax = 0- 149hf gy o v [ag (p { - f\. )f p 2 ] 

15.4xl0- 3 ^x9.S^(1377-5.26)%-5.264| 

qmax = 281kW/m 2 . 

Hence, the heat flux on a chip is 0.5 x 2 SI kW.'ni" =141 kW/in 3 and rhe power level is 

■ ^ 

q culp = q.; x A s = 141 < 10 3 w/m 2 x:25mm 2 ( 10~ 3 in/mm j~ = 3 5 W < 

To determine rlie chip surface temperature for this condition, use the Rohsenow equation to find AT e = T 5 
- with q^ = 141 x 10 J W/m 3 . The correlation, Eq. 10.5, solved for AT f is 

* 0 0.004 x 217 xl0 3 j/kg (3.2 ) L7 
1551J/kg-K 

I 6 



qmax =0.149 x217xl0 3 —x 5.26^4 
kg tn 



AT F 



C s f h fg Pr r 



{ 




qs 




a 






g(^-Pv)_ 



a/3 



141xl0 3 W/m 2 ■ 



L46xl0 _4 ^x217<10 3 — 



15.4x10 i N/m 



9.£^(1377-5.26)^| 
s m 



Hence, the chip surface temperature is 



: 6.8°C. 



Continued.. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 10.12 (Cant.) 

T s = T sat + AT e = -26* C + 6.8° C * -19°C. < 

(b) Using the IHT Correlations Tools, Boiling, Nucleate Pool Boiling — Hen! flux and Maximum heat 
fmx, the chip surface temperature. T s , was calculated as a function of the ratio q^/qniax • required 
thermophysical properties as provided in the problem statement were entered directly into the IHT 
workspace. The results are plotted below. 

75 I I I I I I I I I 




CCWEMENTS: (L) A copy of the IHT Workspace model used to generate the above plot is shown below. 



// Correlations Tool - Boiling, Nucleate pool boiling, Critical heat flux 

q"max = qmax_dprime_NPB{C,rhol,rhov,hfg,sigma,g) // Eq 10.6 

g = 9.6 // Gravitational constant, m/s A 2 

ft Evaluate liquid (I) and vapor{v) properties at Tsat. 

// C = 0.131 for large horizontal cylinders and spheres 

ft C = 0.149 for large horizontal plates 

C = 0.149 

f" Correlation description: Critical (maximum) heat flux for nucleate pool boiling (NPB). Eq 10.6, 

C=0_131 or D.149 depending on geometry. See boiling curve, Fig 10.4 . 7 

// Correlations Tool - Boiling, Nucleate pool boiling. Heat flux 

q"s = qs_dprime_NPB(Csf,n,rhol,rhov,hfg,cpl,mul,Prl, sigma, deltaTe,g) ft Eq 10.5 

flq = 9.8 If gravitational constant, mys A 2 

deltaTe = Ts - Tsat // excess temperature, K 

Tsat = 247 II saturation temperature, K 

r Evaluate liquid(l) and vapor(v) properties at Tsat. From Table 10.1 (Fill in as required), 7 
// fluid-surface combination: 
Csf = 0.004 II Given 

n = 1 .7 II Given 

f* Correlation description: Heat flux for nucleate pool boiling (NPB), water-surface combination 
(Cf,n). Eq 10. 5, Table 10.1 . See boiling curve, Fig 10.4 . 7 
// Heat rates: 

qsqm = q"s / q"max // Ratio, heat flux over critical heat flux 
qsqm = 0.5 

//Thermophysical properties (given): 

rhol = 1377 ft Density, liquid, kg/m*3 

rhov = 5.26 it Density, vapor, kg/m n 3 

hfg = 217000 //Heatofvapo rization , J/k g 

sigma = 15.4e-3 // Surface tension, Mm 

cpl = 1551 //Specific heat, saturated liquid, J/kg.K 

mul = 1.46e-4 // Viscosity, saturated liquid, N.s/m A 2 

Prl = 3.2 // Prandtl number, saturated liquid 
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PROBLEM 10.13 

KNOWN: Saturated ethylene glycol at 1 ami heated by a chromium-plated heater of 200 mm 
diameter and maintained at 480K 

FEND: Heater power, rate of evaporation, and ratio of required power to maximum power for critical 
heat flux. 

SCHEMATIC: 



Ethylene 

+ -h f Chromium plate d hea~ter j 

ASSUMPTIONS : (1) Nucleate pool boiling, (2) Fluid-surface. C s . f = 0.010 and n = 1 . 

PKOPERTEES: Table A- 5, Saturated ethylene glycol (latm): T, a t = 47QK hf g = 812 kJ/kg, pf = 
11 11 kg'm". a = 32.7 x 10 " N/m; Saturated ethylene glycol (given, 470K): (\- = 1.66kg'in 3 , iq = 

0.38 x 10" 3 N-s/m 2 , c t = 3230 J/kg-K, Pr/ = S.7. 

ANALYSIS: The power requirement for boiling and the evaporation rate are qt 0 fl = ■ A s and 
m = q^oiL ■'' hfa - Using the Rohsenow correlation, 





1/2 


f \ 
c p ,fAT e ■ 


cr 




h fg Pi? ^ 



al =0.38x10 3 ^-^xS12xl0 3 — 
m 3 kg 



9.8m/ s 2 (llll-1.6S)ks/m 3 

32.7x10~ 3 N/m 

l4 TIT y 2 . 



1 J 



32BOJ/kg-K(450-470)K 

0.01xS12xl0 3 — (S.7) 1 
kg 



= 1.7S x 10 4 W/ m 2 qboil = 1 .78 x 1 0 4 W / m 2 x jz7 4 (0.200m ) 2 = 559 W 



m = 559 W/812xl0 3 J/kg = 6.89xl0" 4 ka/s. 



For this fluid, the critical heat flux is estimated fromEq. 10.6 with C=0.149, 

z il/4 



Cax =0.149 h fg p v j^C7g(^ f -p v )//^ 



q^ =0.149 xS12xl0 3 — xl.66 — 
kg m 3 



32.7 x 10 3 N / m x 9.8m/ s 2 ( 1 1 1 1 - 1 .<56)kg / m 3 
(l.frSkg/tn 3 ^ 



1/4 



qmas =6.77xl0 5 W/m 2 . 
Hence, the ratio of the operating heat lux to the critical heat flux is. 



1.78xl0 4 W/m 2 



■ ^ 0.026 



or 



2.6%. 



qmax 6.77 xl0 J W/m' 



< 
< 



COMMENTS: Recognize that the result s are cmde approximations since the values for C 3 f and n are 
just estimates. This fluid is not normally used for boiling processes since it decomposes at higher 
temperatures. 
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PROBLEM 10.14 



KNOWN: Copper tubes.. 2> mm diameter x 0.75 m long, used to boil saturated water at 1 atm operating 
at 75% of the critical heat flux. 

FIND: (a) Number of tube*. N. required to evaporate at a rate of 750 kg.'h; tube surface temperature. T s . 
for these conditions, and (b) Compute and plot T ; and N required to provide the prescribed vapor 
production as a function of the heat flux ratio, 0.25 < ql^/q^^ i Q.90 . 



SCHEMATIC: 




1 



L = 0.75 m 




Copper tube, D = 25 mm, T s 



Conditions: 

heat flux 75% of q" max , 
evaporation rate 750 kg/h 



ASSUMPTIONS: (1) Nucleate pool boiling. [2) Polished copper tube surfaces. 

PROPERTIES: Table A-6, Saturated water (100°C): p ( = 957.9 kgin 3 , c f / = 4217 J/kg-K, fl( =279 
x 10" s N-s/m 3 , Pre =1.76, h fg = 2257 kJ/kg, a = 58.9 x 10" 3 Km p v = 0.5955 kg/m 3 . 
ANALYSIS : (a) The total number of tubes. N can be evaluated from the rate equations 

q = q£ A s = q£ N ttDL q = mhf g N = mhf g j qj! ,tDL . (1,2,3) 

The tubes are operated at 75% of the critical flux (1.26 MW/nr, see Example 10.1). Hence, the heat flux 
is 

ql = 0.75 q max = 0.75x1.26 Mw/m 2 = 9.45*10 5 w/m 2 . 
Substituting numerical values into Eq. (3), find 

N = 750kg/h(lh/36G0s.)x2257xlO 3 j/kg(9.45xl0 5 w/m 2 xffxO.025nixO.75mj = 8.5 * 9.< 

To determine the tube surface temperature, use the Rohseuow correlation. 

-a/3 r -1 6 



AT e =- 



: p,f 



Qs 



G 



From Table 10.1 for the polished copper-water combination, C 5 f = 0.0 128 and n = 1.0. 

1 9.45xl0 5 w/in 2 



AT e = 



0.0 128 x 2257 k 1 0 3 j/kg (1 .76) 1 



4217J/kg-K 



A l/3 



^ 279 x 10" 6 N ■ s/m 2 x 2257 x 10 3 J/kg 

1/6 



58.9x10 J N/e 



9.Sm/s 3 (957.9-0.5955)kg/r 



Hence. 



T s = T sat + AT e = (100 + 1 8.7)° C = 1 18.7°C. 



=18 rc 
< 

Continued... 
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PROBLEM 10.14 (Crnit.) 

(b) Using the IHT Correlations Tool, Soiling, Nucleate Pool Boiling, Heat flux and the Properties Tool 
for Water, combined with Eqs. (1 : .H.3) above, the surface temperature T ; and X can be computed as a 
function of q[! j qj^x ■ Tlie results are plotted below. 



1 TuceELtace :eTpirs:jre ~b i'C|. 
NLTibsr OTtJt^B, h'1D 



Note that the tube surface temperature increases only slightly (LI 3 to 120 S C) as the ratio qs/q*nax 
increases. The number of tubes required to provide the prescribed evaporation rate decreases markedly as 
Is/flniax mcreases. 



COMMENTS: (1) The critical heat flux, q max =1 .26 MW/nr, for saturated water at 1 arm is calculated 
in Example 10.1 using Eq. 10.6. The IHT Correlation Too!, Boiling, Nucleate pool boiling, Maximum 
heat Jinx, with the Properties Tool for Water could also be used to determine q^x . 
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PROBLEM 10.15 



KNOWN": Diameter and length of tube submerged in pressurized water. Flowrate and inlet 
temperature of gas flow tlirough the tube. 

FIND: Tube wall and gas outlet temperatures. 

SCHEMATIC: 



fir-— Boiling water 




qnb 



Combustion gas 

T m ,, = 973K 
rri = 0.0S kg/s 

ASSUMPTIONS: (1) Steady- state, (2) Uniform tube wall temperature. (3) Nucleate boiling at outer 
surface of tube. (4) Fully developed flow in tube. (5) Combustion gas is ideal with negligible viscous 
dissipation and pressure work, (6) Constant properties. 



L4 kg/m"\ f i t = 1 S3 > 1 N ■ ^ / m. 1 : c p/ = 4302 J / kg K, Piy = 1. 1 6 , a= 



PROPERTIES: Table A- 6. saturated water (p sar = 4.37 bars): T, a t = 420 K, hfg = 2.123 x 10 J/kg, 
Pl = 919kg/m J : p v -- 

0.0494 Kk Table A-4, air (p = latm,T m ~ 700K): c p = L075 Ukg-K, /;= 339 x 10"' Ns/m" k = 
0.0524 W/m K, Pr = 0.695. 

ANALYSIS: From an energy balance performed for a control surface that bounds the tube, we know 
that the rate of heat transfer by convection from the gas to the inner surface must equal the rate of heat 
transfer due to boiling at the outer surface. Hence, from Eqs. (8.34) and (L0.5). the energy balance for 
a single tube is of the form 



mc p( T mi - T tiio) = A %."f h fg 



1/2 



where L. = h and C s f = 0.0128 and u = 1.0 from Table 10.1. The corresponding unknowns are the 
wall temperature T s and gas outlet temperature, T^q. which are also related through Eq. (8.41b). 



T -T 

ls > 1 m,o 



= exp 



,7DL- 



mc. 



P 



For Rejj = 4ih ■■' xDu = 119, (500, the flow is turbulent, and with n = 0.3, Eq. (8.60) yields. 



h =h 



£1 



0.0524 W/m-K 
0.02iin 



0.02 3 (l 1 9, 600 f 1 3 (0.695 f 3 = 502 W/m z -K 



,0.3 



Solving Eqs. (1) and (2), we obtain 



T S =152.6°C, 

COMMENTS: (1) The heat rate per tube is q = m Cp (T^ - T m(J ) = 45,930 W, and the total heat 

rate is Nq = 229,600 W, in which case the rate of steam production is m 3team = q / lif g = 0.10S kg / s. 

(2) It would not be possible to maintain isothermal tube walls without a large wall thickness, and T 3: 
as well as the intensity 7 of boiling, would decrease with increasing distance from the tube entrance. 
However the foregoing analysis suffices as a first approximation. 
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PROBLEM 10.16 

KNOWN: Nickel wire passing current while submerged m water at atmospheric pressure. 

FIND: Current at which wire burns out. 

SCHEMATIC: 



_] 



Wa+er, laHn 



r Nickel w/>e 
D=Xmm t R^O.U9aim 



J 



g" 
-* man 



ASSUMPTIONS: (1) Steady-state conditions, (2) Pool boiling. 

ANALYSIS: The burnout condition 
will occur when electric al power 
dissipation creates a surface heat flux 
exceeding the critical heat flux, q^ aK . 

This burn out condition is illustrated on 
the boiling curve to the right and in 
Figure 10.3. 

The criterion for burnout can be expressed as 

^inax = lelec ( Ielec = -'- -^e- 

That k, 

I = [qrn^D/K e ] 1/2 . 
For pool boiling of water at 1 ami, we found m Example 1 0. L that 

c-inax =1.26MW/in 2 . 
Substituting numerical values into Eq. (3), find 

L26 x 10° W / (srx 0.001m) / 0. 129Q / m = 175 A 




(U) 
(3) 



COMMENTS: The magnitude of the current required to burn out the 1 mm diameter wire is very 
large. What current would burn out the wire in air? 
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PROBLEM 10.17 



KNOWN: Saturated water boiling on a brass plate maintained at AT 5 = 1 5°C. 
2 

IINI>: Power required (W/m ) for pressures of 1 and 10 atm: fraction of critical heat flux at which plate it 
operating.. 

SCHEMATIC: 




-6 /-^s s p/-a is 

ASSUMPTIONS: (1) Nucleate pool boiling, (2) AT e = 15 D C for both pressure levels. 



PROPERTIES: Table A-6, Saturated water, liquid (1 atm, T ta: = 1D0°C): p£ = 957.9 kg/in , C p t =4217 
J/kg-K, =279 x It)" 6 Pr, = 1.76 : kf g = 2257 kJVkg, c = 58.9 x lO"" 3 N/m; IYiMe^-6", Saturated water, 

vapor [1 aim): p. ; = 0.596 kg.'in'; Table A-6.. Saturated water, liquid (10 atm= 10.133 bar, T ut = 453.4 K = 
1S0.4°C): p f = 8S6.7 kg/m 3 , c p j =4410 J/kg-K, p; = 149 x 10~ 6 N-s/m 2 , Pr^ =0.98, hf g = 2012 kJ.kg, a = 

42 .2 x 1 0~ J N/m; In ble A-6, Water, vapor (1 0. 1 33 bar) : Py = 5 1 5 5 kg/ni . 

ANALYSIS: With ATe = 15 a C. we expect nucleate pool boiling. The Rohsenow correlation with Cj.f = 0.006 and 
n = 1 .0 for the bra it- water combination give s 

^3 



<U = ."f b fg 





1/2 











Jflfffi: qg =279x10 6 N-s/m 2 x 2257 xl(J 3 .]7kg 



4217 J kg-Kxl5K 



9..Bm/s' ( 957.9 -0.596) kg .■tn 1 



\3 



5S.9xl0 N/m 



= 4.70MW/L 



1. 0.006 * 2257 x ID 3 J/ kg kI. 76 1 ) 
10 atm: = 23.SMW /m 2 

From Example 10.1, q ma!I (latin) = 1.26MW / ni~ . To find the critical heat flux at 1 0 atm, use the 
correlation of Eq. 10.6 with C = 0. 149, 

r 2l 1/4 
Qniax =0-149 h fg p v erg {p t - p v ) / p v J . 

<iniax C 10 atm ) = 0.149 x 2012 xlO 3 J.-' kg x 5.155kg .'m 3 x 



42.2x10 3 N/mx9.Sni/s 2 (SS6.7-5.16)kg/m J 



: 4 



= 2.97MW-'m 



{5.155kg/m 3 J" 

For both conditions, the Rohsenow correlation predicts a heat flux that exceeds the maximum heat flux, q^^. We 
conclude that the boiling condition with AT e = 15°C for the brass-water combination is beyond the inflection point 
(P, see Fig. 10.4) where the boiling heat flux is no longer proportional to AT^ . 

<U 85 <lniax ( 1 0 atra ) 5 2 9 7 w . < 



q>q max (lami)<1.26MW/m- 
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PROBLEM 10.18 

KNOWN: Zubex-Kurateladze correlation for cntical heat flux, q^a^- 

FIND: Pressure dependence of for water; demonstrate maximum value occurs at 
approximately 1/3 p CI i t ; suggest coordinates for a universal curve to represent other fluids. 
ASSUMPTIONS: Nucleate pool boiling conditions. 

PROPERTIES: Tabic A-6, Water, saturated at various pressures: see below. 
ANALYSIS: The Z-K correlation for estimating the critical heat flux, has the form 

-il/4 

it tri r>, — n.. \ 

qinax =0.149 p v h fg 



&&{Pi -Pv) 



Pv 

where the properties for saturation conditions are a function of pressure. The properties (Table A-6) 
and the values for q" max are as follows: 



p 


P''Pc 


Pi 


Pv 




axl0 J 




(bar) 






(kg/m 3 ) 


(kJ/kg) 


(N.-m) 


(MW/m 2 ) 


1.01 


0.0045 


957.9 


0.59552257 


58.9 




1.25S 


11.71 


0.053 


879.5 


5.988 


1989 


40.7 


3.138 


26.40 


0.120 


831.3 


13.05 


1825 


31.6 


3.935 


44.58 


0.202 


78 8.1 


22.47 


1679 


245 


4.398 


61 19 


0.277 


755.9 


31.55 


1564 


19.7 


4.549 


82 16 


0.372 


718.4 


43.86 


1429 


15.0 


4.520 


123.5 


0.i-3~ 


648.9 


72.99 


1176 


8.4 


4.047 


169.1 


0.765 


562.4 


117.6 


858 


3.5 


2.905 


221.2 


1.000 


315.5 


315.5 


0 


0 


0 



The qj^ax values are plotted as a function of p.''p C7 where p c is the critical pressure. Note the rapid 
decrease of h :g and cf with increasing pressure. The universal curve coordinates would be q' mB ^ ; 
C 1/1 3 Petit ) VS -P ■''Pe- 



so 



3*» 
■ — 

ts 

J 20 
! io 




isoo 



2Mb 



1500 



1OO0 



- SOO 



5 
1 
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PROBLEM 10.19 

KNOWN: Kutateladze : s dimensional analysis and the bubble diameter parameter. 
FIND: Verify the dimens ional consistency of due critical beat flux expression. 
ASSUMPTIONS : Nucleate pool boiling. 

ANALYSIS : Ku:ateladze postulated that the cntical flux was dependent upon four parameters, 

climax = Itnax ( h fg> Pv- u > D b ) 
where Db is the bubble diameter parameter having the form 

Db =[tf, ; g(A-pv)] L2 - 
The form of the cntical heat flux expression was presumed to be 



Ch fe /<: ' I) 



-1 2 „1 2 



(1) 



(2) 



where C is a constant. It i& not possible to derive this equation from a dimensional (Pi) analysis. We 
can only determme that the equation is dimensionally consistent. Using SI units, check Eq. (1) for Dj,, 



Db^ffNm-^m-^^kg- 1 ™ 3 ) 
and in Eq. (2) for W 

^ ^[(Jkg" 1 )^ V^ 2 )fm-^ jf^'V 1 ' 2 )]=: 



s kg-m 



■H 



2 V 2 
N-s" 



cr. 



Hence, the equations are dimensionally consistent. 



C OM\ UNTS : Dimensional (Pi) analysis yields the following result : q^ / p v h ^ = f (a ■■' p,.h ^D^ ). 
If f (o / p^Dj, ) = C(a / p v h fg I\ f : 1 we recover Eq.(2) . 
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PROBLEM 10. fl 



KNOWN: Properties of dielectric fluid boiling at 1 atin on a horizontal platinum wire of 0.5 mm 
diameter. Nucleate boiling constants. Correction factor for small horizontal cylinder 

FIND: Temperature of wire when heated at 50°<o of critical heat flux. 

SCHEIUATIC: 



Fluid. 



I 



q - 0.5q max 



T s , D = 0.5 mm 



C sf = 0.005, n = 1.7 



AS SO IPTIONS : ( 1 ) Steady- state c auditions . (2) Nucleate pool boiling. 

PROPERTIES: Dielectric fluid given: T 5ac = 34' ! C: ! p ( - = 1400 kg/m J , pv = 7.2 kg/m 3 , c p i: =1300 
J/kg-K, k/ = 0.075 W/m-K, v t = 0.32 x lO^N-s/m", a = 12.4 x 10" 3 N/m, hfg = 142 kJ/kg. 

ANALYSIS: The critical lieat flux for a large horizontal cylinder can be estimated using Eq. 10.(3, 
withC =0.131. 



1 mas. large — ^hfgPv 



1/4 



= 0 13 1x142 xlO 3 J/kgx7.2 kg/m 3 

12.4x1 (T 3 N/m x 9.8 m/s 2 x (1 400 - 7.2) kg/m 3 



1/4 



(7.2 kg/m 3 ) 2 



= 180 kW/m- 



Tbe Confinement number is given by Co = tjMsCPj-Pv)] / R = 3.8 1 . which ii in the range of 
applicability of the expression for the correction factor, F, 



F = 0.89 + 2.27exp(-3.44Co _1/2 ) = 0.S9 + 2.27exp[-3.44(3.&l) _1/2 ] = 1.28 



The wire is operated at ':>Q% of the cntical heat Eux or. 

q; = O-SFqJnaxjarge = 0.5 x 1.28 sc 180 kW/m 2 =115 kW/m 2 

Tlie excess temperature can then be found from Eq. 10.5, the Rohsenow correlation, 

3 



% = Mf h fg 



g(P/-Pv) 


1 2 


f \ 
c p,/ AT e 


a 







:115kW/m- 



Continued. 
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PROBLEM 10.20 (Cont.) 



-4 2 

Substituting numerical values, with \i( — \'(pj = 4.48 x 10 m's^ and Pr^ = ,UfC p f /kf = 7.77 . 



4.48 x lO^N s/ m 2 x 142 x 10 3 J/ kg 



9.8 m/s- (1400- 7.2) kg /m 3 
12.4xl0~ 3 N/m 



nl/2 



f ^ 3 
1300 J/kg-K <AT e 

v 0.005xl42 x 1 0 3 J: kg X7.77 1 7 ^ 



= 115xlQ 3 W/rn 2 



AT e = 21.4 S C 

Thus 

T J = 34 3 C + 21.4 :, C=55.4 0 C: 



COMMENTS: The critical heat flux on the small wire is 28% higher than on a large cylinder. 
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PROBLEM 10.21 

KNOWN: Boiling water at 1 atm pressure on moon where the gravitational field is 1/6 that of the 
earth. 

FIND: Critical heat flux. 

ASSUMPTIONS : Nucleate pool boiling conditions. 

PROPERTIES: Table A-6, Water (1 atm): T iat = 100°C, p/_ = 957.9 kg.'m 3 . pv = 0.5955 kg/rn 3 , h fg 
= 2257 kJ/kg, a = 58.9 x 10" 3 N/m. 

ANALYSIS: The critical heat flux is given by Eq. 10.6 with C=0.149. 
,1/2. . Y„i„ _ vil/4 



qmax = 0- 1 « Pv "hfg [tTgifii-Pv)] 



Tlie relation predicts the critical flux dependency on the gravitational acceleration as 
1/4 

Imax ~ S 

2 

It follows that if gmooa = (1/6) gear-Ji and recognizing q^,^ e = 1.2(5 MW/m for earth acceleration 
(see Example 10.1), 

... d/4 
1 max, moon _ 1 mas, earth (Snioon ■' S earth ,) 

W moon = 1 -2« ^¥ f 7 I =0-81 MW / m 2 . < 

COMMENTS: Note from the discussion ui Section 10.4.5 that the g" 4 dependence on the critical heat 
flux lias been experimentally confirmed. In the nucleate pool boiling regime, the heat flux is nearly 
independent of the gravitational field. 
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PROBLEM 10.22 

KNOWN": Concentric stainless steel tubes packed with dense boron nitride powder. Inner tube has 

heat generation while outer tube surface is exposed to boiling heat flux, ql = C(T V — T 3at J" 3 . 
Saturation temperature of boiling liquid and temperature of the outer tube surface. 

FEND : Expressions for the maximum temperature m the stainless steel (ss) tubes and in the boron 
nitride (bn). 

SCHEMATIC: 




lube S+^inJess - ^f^^Wf ^ "^s 

st^ef <«), j, * si * ifc/M — — -t> 

ASSUMPTIONS: (1) Steady-state conditions. {2) Gne-dimensional (cylindncal) steady-state heat 
transfer in tubes and boron nitride 

ANALYSIS: Construct the thermal circuit shown above where R'23 and R34. represent the 

resistances due to the boron nitride between ii and 1-3 and to the outer stainless steel tube, respectively. 
From an overall energy balance, 

Qgen =t iboil> 

-3 



&[ T 2~ T i )=( 2ffr 4) C < T s- T sat) ■ 



With prescribed values for T S at r T £ and C. the required volumetric heating of the inner stainless steel 
tube is 



C ( T s _,T sat) 



"Using the thermal circuit, we can write expressions for the maximum temperature of the stainless steel 
(ss) and boron nitride (bn). 

Stainless steel. T^-msx. occurs at i\. Using the results of Section 3.5.2, the temperature distribution in 
a radial tube of inner and outer radii i\ and r; is 

T(r) = --^-r 2 +C 1 hir + C 2 

^ss 

foi which the boundary conditions are 



BC#1: r = rj — = 0 0 = — ^— 2q + ^- + 0 -> Cj = + ^ 



dr 4k 3S n_ 2k ss 

Continued 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 10.22 (Cont.) 

- 2 

BC*2: r = r 2 T(r 2 )=T 2 T 2 +^-kii 5l +C 2 

■ 2 

C 2 = T 2+^ — r 2 _ ™ — ^ 



Hence, 



Using the thermal circuit, find T> in terms of known parameters T El T 3a t and C. 
T -" T: "(^C^-T^) 3 . 



R 23 + R 34 

Hence, the maximum temperature in the inner stainless steel tube (r = ri) is 
T, Mmx =Ti;r 1 ) = -^-(r 1 2 -r|)^ln(q/ r 2) + T s 



+ (R 23 + R 34 )(2^)C{T S -T sat ) 3 

where from Eq. 3.27 

_ ln(r3/r 2 ) = m( 14/13) 

■'" 2;rk K 

Boron nitride: T^ u;mas occurs at rj . Hence 

T hn,max= T (q) 
as derived above for the inner stainless steet tube. 
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PROBLEM 10.23 



KNOWN: Thickness and thermal conductivity of a silicon chip. Properties of saturated fluorocarbon 
liquid. 

PINT): (a) Temperature at bottom surface of chip for a prescribed heat flux and 90°o of C'HF. (b) Effect 
of heat flus on chip surface temperatures: maximum allowable heat flux. 



SCHEMATIC: 



o , o . • to o- 0 < 



Sat. FC, J sat = 57 °C 



Silicon, k s = 135 W/m-K 



q" = 5x10 4 W/m 2 or q"„ 



N.B. Constants: C 



1 ^msx 
0.005, n= 1.7 




ASSUMPTIONS: (1) Steady-state conditions. (2) Uniform heat flux and adiabatic sides, hence one- 
dimensional conduction in chip. (3) Constant properties. [4) Nucleate boiling in liquid. 

PROPERTIES: Saturated fluorocarbon (given): c p / = 1 100 Pkg-K h f| = S4 = 4Q0 J/kg, pi = 1619.2 

kg-rn J , py = 13.4 kg/m 3 , u = 8.1 x W'' 1 kg/s 2 , ft =440x 10"' 3 kg/m-s, Pr^ = 9.01. 

ANALYSIS : (a) Energy balances at the top and bottom surfaces yield q" 0 = q C0U( j = k$ (T 0 - T s ) j~L ■ 
q^ ; where T= and qj! are related by the Rohsenow correlation. 

\l/3r nl/6 



Cs.flifgP^ 



qs 



£(A .'V 



Hence, for q* = 5 x 10 4 W/m 2 , 



"^s ^sat 



0.005 (84, 400 J/kg )9.0! 



1.7 



5x 



10 4 w/r 



•1 3 



1 1 00 J/kg ■ EC 

8_lxl0~ 3 kg/s 2 
9. 8m/s 2 (1619.2 -13.4)kg/m 3 

T 3 = (15.9- 57)° C = 72. 9 = C. 



^ 440 x kg/m ■ s x 84, 400 J/kg , 
1 6 

= 15.9°C 



From the rate equation. 



xlO 4 w/m 2 x0.002.5 



in 



k s 135 W/m-K 



= 73.8 0 C 



< 



For a heat flux which is 90% of the critical beat flux (C] = 0.9), it follows that 

-1 4 

J era I fSf — n..\ 

qo=0^max =0-9x< 



r T 

; 0. 149h f „pv v&iPl-Pv) = 0.9 x 0. 149 x 84, 400 J/kg x 1 3.4kg/m J 



Continued... 
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PROBLEM 10.23 (Coin.) 



1/4 



8.1x10 3 kg/s 2 x9.S«^i 2 (1619.2-13.4)kg/iii 3 
(B.4kg/m 3 ) 2 

q* = 0.9 x 1 5.5 x 10 4 w/m 2 = 13.9 x 10 4 w/m 2 

From the results of the previous calculation and the Roksenow correlation, it follows that 

1/3 

iT e =15.9 o cfqo/5xl0 4 w/m 2 ) ' = 15.9°C(13.9/5) L/ 3 = 22.4° C 
Hence, T E = 79.4°C and 



T 0 =79.4*C + 



13.9x10"' W, 



'/in 2 ■ 0. 



0025 m 



135 W/m- K 



= 82°C 



(b) Using the energy balance equation; with the Correlations Toolpad of IHT to perform the parametric 
calculations for 0.2 < C] < 0.9, the following results are obtained. 




?oo:o sdddd 

Chip heat flui, cc'-lW/rv'S:. 



' To 
■ Ts 



The chip surface temperatures, as well as the difference between temperatures, increase with increasing 
heat flux. The maximum chip temperature is associated with the bottom surface, and T 0 - 80 a C 
corresponds to 

which is 73% of CHF ( q mas = 15 5x10" W/m 3 ). 

COMMENTS: Many of today" s VLSI chip designs involve heat fluxes well in excess of 15 W/cm 2 , in 
which case pool boiling in a Euorocarbon would not be an appropriate means of heat dissipation. 
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PROBLEM 10.24 

KNOWN: Operating condition* of apparatus used to determine surface boiling characteristics. 

FIND: (a) Nucleate boiling coefficient for special coating, (b) Surface temperature as a function of heat 
flux; apparatus temperatures for a prescribed heat flux; applicability of nucleate boiling correlation for a 
specified heat 11 us. 

SCHEMATIC: 



Copper, 

k = 400 W/m-K 




Si jf- = 10 mm 

ft i 



^2 - 25 mm 

ASSUMPTIONS: (1) One-dimensional , steady-state conduction in the bar, (2) Water is saturated at 1 
atm, (3) Applicability of Rohsenow correlation with n = 1. 

PROPERTIES: Table .4.6, saturated water (100°C): p t = 957.9 kg'm 3 , c p j = 4217 J/kg-K, //( =279 
x 10" 6 N-s/nr, Pr; = 1.76, = 2.257 x 10 s J/kg, a = 0.0589 N/m, p v = 0.5955 kg/m J . 

ANALYSIS : (a) The coefficient Q f associated with Eq. 10.5 may be determined if q^ and T= are 
known. Applying Fourier's law between X[ and xi. 



(158.6 -133.7)° C 



qs = Qcond = k T: Tl = 400 W/m- K x - 

x 2 -xi 0.015 m 



= 6,64xl0 5 w/m 2 



Since the remperarure distnbution in the bar is linear. T, = Ti - (dT/dx)X[ = T; - [{L - Ti)/(xi - X[)]xi. 
Hence. 



T s = 133.7 i C-r24.9 i c/o.015m 



FromEq. lO.i, withn= 1, 



.1,3 



Csf = 



0.01m=117.1°C 
1/6 



c pjA T e i /'f h fg 
hfgPr^ I q£ j 

4217j/kg-K(l7.1°c) f„„ ,_-6. i _ lfl 6 

1 \ fl 279x10 kg/i-mx 2.2}' xlO J/kg 



,1 



2.257x10 



JA? (1.76)1.. 



6.64x10" 



w/m 2 



9.8 m/-,- x957.3kg/m 3 



I/S 



0.0589 kg/s,' 



C 5if = 0.0131 

(b) Using the appropriate IFfT Correlations and Properties Toolpads. the following portion of the 
nucleate boiling regime was computed. 



Continued.. 
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PROBLEM 10.24 (Cent.) 



e 

£ zdhidd 




For q^ = 10 6 \V/m 2 = q^ - T, = LI 9.6^: and 

T] = 144.e°C and T : = 1S2.1 D C 

With the critic.il heat flux given by Eq. IQ.6 with C=0. 149, 



qinax =0.149h fg p^ 



1/4 



Imax = 0. 149 j 2.257 x 1 0 6 J/kg J 0.5955 kg/ n 
Qniax = 1.25 x 10 S w/m 2 



O.Q5E9kg/s 2 x 9.8 m/s 2 * 957.3 kg/ m 3 



(0.5955kg/m 3 J 2 



1/4 



Since q£ = 1.5 x 10 6 W/m 2 > 

limx - t ^ le f^ ,ls exceeds that associated with nucleate boiling and the 
foregoing results can not be used. 

COMMENTS: For q^ > qj mx , conditions correspond to film boiling, for which T ; may exceed 
acceptable operating conditions. 
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PROBLEM 10.25 



KNOWN": Small copper sphere, initially at a uniform temperature. greater than that corresponding to 
the Leidenfrost pomt. Tc- suddenly mimersed in a large fluid bath maintained at T iai . 

FIND: (a) Sketch the temperature-time history. T{t). during the quenching process: indicate temperature 
corresponding to T : , Tc, and T Eit , identify regimes of film, transition and nucleate boiling and the single- 
phase convection regime; identify key features: and (b) Identify times.(s) m this quenching process when 
you expect the surface temperature of the sphere to deviate most from its. center temperature. 

SCHEMATIC: 




ANALYSIS : (a) In the right-hand schematic above, the quench process is shown on the "boiling curt e" 5 
similar to Figure 10.4. Beginning at an initial temperature, Tj > To , the process proceeds as indicated by 
the arrows: film regime from l to D, transition regime from D to C, nucleate regime from C to A, and 
single-phase (free convection) from A to the condition when iT e = T= - T-, s - = 0. The quench process is 
shown on the temperature- time plot below and the boiling regimes and key temperatures are Libeled.. 




j convection 



Time,? 

The highest temperature-time change should occur in the nucleate pool boiling regime, especially near the 
critical flux condition, T c . The lowest temperature-time change will occur in the single-phase, free 
convection regime. 

(b) The difference between the center and surface temperatures will be greatest when the Biot number is 
largest, which occurs in regimes with the highest convection coefficients. The convection coefficient is 
maximum at point P on the boiling curve of Fig. 10.4, which falls between points C and A on the above 
plots. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 10.26 

KNOWN: A sphere (aluminum alloy 2024) with a uniform temperature of 500 C C and ernissivity of 
0.25 is suddenly immersed in a saturated water bath maintained at atmospheric pressure. 

FEND: (a) The total heat transfer coefficient for die initial condition: fraction of the total coefficient 
contributed by radiation: and (b) Estimate the temperature of the sphere 30 s. after it lias been 
immersed in the bath. 

SCHEMATIC: 

Sphere, Al 2024 a toy. Tft) 

Saturated water "-J- 4 [!-?: m -n 

T aal = 100 C E = Q.2S 



T, - T s (0) = 500°C 

ASSUMPTIONS : (1) Water exposed to standard atmospheric pressure and uniform temperature, T ;at , 
and (2) Lumped capacitance method is valid. 

PROPERTIES: See Comment 2 : properties obtained with IHT code. 

ANALYSIS: (a) For the initial condition with T 3 = 5Q0°C, film boiling will occur and the coefficients 
due to convection and radiation are estimated using Eqs. 10. S and 10.1 1. respectively. 



N = h convP 
D k 



g(^-A-)hf g D j 

^v(Ts-T sat ) 



(I' 



_ H' T s 4 -T s 4 at) 

h rad = — ^TZr ^ 

J-s J-sat 

-3.24 

where C = 0.67 for spheres, and o — 5.67 < 10 W.'m K . The corrected latent heat is 

% = h fg +0.8c p!V (T & -T sat ) (3) 

The total heat transfer coefficient is given by Eq. 10.9 as 

h 4/3 = h^ v -h r;id .h 1/3 (4) 

The vapor properties are evaluated at the film temperature, 

Tf =(T s+ T wt )/2 " (5) 

while the liquid properties are evaluated at the saturation temperature. Using the foregomg relations in 
ZHT(see Comments), the following results are obtained. 

Nujj h^ T (w/m 2 Kj h^W/m 2 k) h(w/m 2 ■]{) 

85.5 171 12.0 ISO < 

The radiation process contribution is 6.7% that of the total heat rate. 

(b) For the lumped-capacitance method, from Section 5.3, the energy balance is 

-£MT,-T MT ) = ftVt^ (6) 

where p 4 and c= are properties of the sphere. To determine T^t), it is necessary- to evaluate h as a 
function of T v Using the foregoing relations m IHT (see Comments), the sphere temperature after 30s 
is 

T s (30s) = 300°C. < 

Continued 
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PROBLEM 10.26 (Cant.) 

COMI\HNTS; (1) Hie Biot number associated with the aluminum alloy sphere cooling process for 
the initial condition is Bi = 0.019. Hence r the lumped-capacitance method is valid. 

(2) The Zff7code to solve this application uses the film-boiling correlation, the water 
properties functions, and the lumped capacitance energy balance, Eq. (6). The results for 
part [a), including the properties required of the correlation, are shown at the outset of the 
code. 



Results, Part (a): Initial conditions, Ts = 500 C 
NuDbar hbar hcvbar hradbar F 
855 180 171 12 0 0 0667 P 



.'* Properties: Initial Conditions, Ts = 500 C, Tf = 573 K 

rfiov cpv nuv kv rtiol hfg hfg 

0.3843 2010 51.44E-6 D.03988 958 2257E3 2.S01E6 *jf 



.'* Res Jits: wth inilal conditon, Ts = E00 C: after 30 s 
Bi F Ts_C hbar t 

D.019 0.067 500 180 0 
0.020 0.033 300 188 30 V 



■'■'LCM ana ysis, energy balance 
4ibar , As , <Ts-Tsat) = rhos * Vol 1 cps * derfTs.t) 
AB = pi*D"2 
Vol - pPD^affi 



y* Correlation description; coefficients for film pool boiling (FPB). Eqs. 10.8, 10.9, and 
10.1 1 . See boiling curve. Fig. 10.4. *l 

NuDbar = HuD_bar_FPB(C,rhd : rhov,ri l fg,nuv,lLV : deltaTe,D,g} tf Eq 10.8 
NuDbar = hcvbar' C /' *v 

g = 9.3 SI gravitational constant, m/s*2 

deltaTe = Ts - Tsat II excess temperature . K 

y/Ts_C = 500 II surface temperature, K 

Ts_C = Ts - 273 

Tsat = 373 II saturation temperature, K 

II The vapor properties are evaluated at the film temperature.Tf, 

Tf = Tfluid_avg(Ts : Tsat) 

II The corre?ation constant is 0.62 or D.S7 for cylinders or spheres, 
C=0.67 

II The corrected latent heat is 
hTg = hfg + D.BO'cpv'fTs - Tsat} 
lllhe radiation coencient is 

hradbar = eps * sigma * (Ts** - Tsat*4) / (Ts - Tsat) ^ Eq 10.1 1 

sigma = 5.67E-3 II Stefan-Boltzrnan n constant, wym A 2KM 

eps = 0.25 II surface emissivity 

II The total heat transfer coencient is 

hbar"(4<3 ) = he vbar*(4/3) + hradbar * hbar*( 1/3) It Eq 1 0.9 

F = hradbar I hbar II fractional contribution of radiation 



■V Input variables 
D = 0.020 

rhoa = 2702 II Sphere proDerties. aluminum alloy 2024 

cps = 875 

ks=186 

Bi = hbar" Of ks 



.'.'Water properties 

II Water property functions :T dependence, From Table A.6 

y/Saturated liquid properties. Units: T(K):; 

rtiol = rho_Tx(" Water', Tsat. D} yy Density, kg/m*3 

hfg = hfg_TC Water", Tsat) ' // Heat of vaaorizalon, jykg 

yy Water vapor property functions : From Table A.4 
II Units: T(K); 1 afrn pressure 

rhov = rho_T{" Water Vapor ' ,Tf) II Density, kgfrn n 3 

cpv= cp_T{' Water Vapor",Tf) yy Specific heat, J/kg-K 
nuv = nu_T{" Water Vapor' ,Tf> // Kinematic viscosity. nf-21s 
kv = k_T{' Water Vapor" ,Tf) yy Thermal conductivity, W/m K 
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PROBLEM 10.27 
KNOWN : Steel bar upon removal from a furnace immersed in water bath. 
FIND : Initial heat transfer rate from bar. 
SCHEMATIC: 




ASSUMPTION'S : (1) Uniform bar surface temperature, (2) Film pool boiling conditions. 

PROPERTIES: Table A-6, Water liquid (1 auii T sat = 1 00 5 C): p t =957.9 kg'm"\ h fg = 2257 
kJ/kg: Table A-4, Water, vapor (T f = (T, + T rat )/2 = 550K): p v = 0.4005 kg/m 3 , c pv = 1997 J/kg-K 
v v = 47.04 x 1Q" 6 mVs , k,, = 0.0379 W/m-K. 

ANALYSIS: The total heat transfer rate from the bar at the instant of time it is removed from the 
furnace and immersed in the water is 

q s = h A s (T s - T sat ) = k A H AT e (1) 

where AT e = 455 - 100 = 355K. According to the boiling curve of Figure 10.4. with such a high AT e . 
film pool boiling will occur. FromEq. 10.9 or 10.10, 

or h = h r 



7-4/3 7-4/3 _,_r 7-1/3 
h = h conv + ll rad- h 



• m ~ ~ n rad ( lf h conv > ^rad )- 



To estimate the convection coefficient, use Eq. 1Q.S, 



N = iwD = c 



1/4 



(2) 



(3) 



where C = 0.(52 for the horizontal cylinder and h^ = +0.8 c p v (T s -T iat ). Fmd 



_ 0.0 J79 w ■■ m ■ s 
0.020 m 



9.Em/s 5 (957.9 -0.4005) kg/m [2257 k lfl 1 + 0.8x1997 x 355 j J/kg(0.020ni) J 



^47.04x]. ■ |,:;- . ; ■■■■ K • "vK 



1/4 



n conv = 159 W/m K 
To estimate the radiation coefficient, use Eq. 10.11, 

£<j[t?-J^x j 0.9x5.67»;10" E W/'in 2 -K 4 (728 4 -.i73 4 )K 4 
h rad = s — 1 = 1 i = 37.6 W/m 2 -K. 



T c -T ( 



sat 



355K 



Substituting numerical values into the simpler form of Eq. (2), find 

h = (1 59 + (3/ 4)37.6) W7 m 2 K = 187 W / m 2 K 
Using Eq. (1). the heat rate, with Ac = x D L, is 

q s =lS7W/m 2 -K(ffx0.020mx 0.200m) x355K =835W. < 

COMMENTS: For these conditions, the combined radiation and convection heat transfer coefficient 
rs 18% larger than the convection coefficient alone. 
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PROBLEM 10,28 

KNOWN: Electrical conductor with prescribed surface temperature immersed in water. 

F3XD: (a) Power dissipation per unit length, and (b) Compute and plot q' 5 as a function of surface 

temperature 250 < T, < 650 a C for conductor diameters of 1.5, 2.0, and 2.5 mm; separately plot the 
percentage contribution of radiation as a function of T s . 

SCHEMATIC: 

r Water 




J s = 555 °C. e = 0.50. D = 2 mm 



Current 



2 



ASSUMPTIONS: (1) Steady-state conditions, (2.) Water saturated at 1 atm, (3) Film pool boiling. 

PROPERTIES: Table A-6, Water liquid (1 atm, T 5a[ = 100°C): p f = 957.9 kg/m 3 , h, E = 2257 kJ/kg; 
Table A-4, Water, vapor (T f = (T 3 + T a1 ) / 2 = 600 K): (\ = 0.3652 kg/m 3 , c„- = 2026 J/kg-K, 
v, = 56.60 x 10" 6 mfVs , k v = 0.0422 W/m-K 

ANALYSIS : (a) The heat rate per unit length due to electrical power dissipation is 
q ; = SL = h ^(T s - T, at ) = hVDAT c 

where ST* = (555 - 100)°C = 455°C. According to the boiling curve of Figure 10.4, with such a high 
AT e , film pool boiling will occur. From Eq 10.9 or 1 0. 10. 



h 4/3 =h^-h rad -h 1/3 



or 



To estimate the convection coefficient, use Eq. 10.8, 



Nu D = hcom ' D = C 



g(^-^)lif g D- 
v v k v AT e 



n _ n conv , n rad ('^ n conv 
4 



1/4 



h rad i 



where C = 0.62 for the horizontal cylinder and h\ = hf ? - 0.Sc F ,,- (T ; - T^t). Find 

- OOCnv/ K ['W 1 ' ( 957.9 -0.3652) kg/m 3 ^I '" " - ' V 4-' 

O.O02m 



J j/kg(O.002m) 3 



(sfi.SQ x 10 6 j m 2 /i x 0.0422 w/m K * 455 K 



h Bm .=279W/m--K. 



To estimate the radiation coefficient, use Eq. 10.11. 

£a\T? - T^t ) 0.5x5.67 x 10" 8 w/m 2 ■ K 4 fg2E 4 - 373 4 '|K 4 



h rad =" 



455K 

Since h C0EV > h ra d , the simpler form of Eq. 10.10 is appropriate. Find, 
k = (279 + (3/4)x 28) W"/ m 2 K = 300 w/ m 2 ■ K 



= 28w/m 2 K. 



Continued... 
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PROBLEM 10.28 (Com.) 



The heat rate is 

q' = _iOOw/in : Kx^(0.002m)x45SK = S5SkW/m. < 

(b) Using the IHT 'Correlation Too!, Boiling, Film Pool Boiling, combined with the Properties 
Tool for Water Vapor, the heat rate, q ' , was calculated as a function of the surface temperature, 
T ; , for conductor diameters of 1.5. 2.G, and 2.5 mm. Also plotted below is the ratio (%) of 
q' rad m' as a function of surface temperature. 




From the q' vs. T ; plot, note that the heat rate increases with increasing surface temperature, and 
as expected, the heat rate increases with increasing diameter. From the q ' rad ,'q ' vs. T. plot, the 
maximum contribution by radiation is 14%, and occurs at the maximum surface temperature. 
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PROBLEM 10.29 

KNOWN: Diameter and emissivity of heated platinum wire in saturated water at atmospheric 
pressure. Water vapor properties at film temperature. 

FIND: Heat flux from wire when it is at its melting temperature and corresponding centerline 
temperature. 

schematic: 

J Saturated 
C_ water : 1 atm J 

v -. lJ / Ts = Trm e it Platinum wire, 

^ / / D = 1mm 



a ^ 



e = 0.80 



ASSUMPTIONS: (1) Steady- state conditions, (2) Film pool boiling occurs. 

PROPERTIED: Table A. 1, Platinum: = 2045 K \ = 99 A W/m-K. Table AA Saturated water, 
liquid (T ia , = 100°C 1 atm):p^ = 957.9 kg'm 3 , h f| = 2257 kJ kg; Water vapor at film temperature (T f = 

1209 K, 1 atm), given: p v = 0.189 kg/m\ c P . v = 2404 J.kg-K v v = 231 x 10" e Ns/m\ k, = 0.113 
W/m-K. 



ANALYSIS: The heat flux is 

*ls = ^Us _T sat ) = lLiT e 
where ATj =(2045 - 373)K = 1(572 is indicative of film boiling. FromEq. 10. 9 = 

r4/3 7-4/3 ,7: 7-1/3 
11 - n conv + tl rad n 

For h [onT use Eq. 10.S with C = 0.62 for a horizontal cylinder. 



Nud = hcQnvD = C 



= 0.52 



g(p./-p v )hf g P- 
v v kv(Ts-T, aT ) 



9.Bm/s 2 (957.9 -0. 189) kg/m 3 x 5473x1 Q 3 j/kg(0.001 mf 
23 1 x IQ~ 6 ni's 2 x 0. 11 3 W/m - K (2045 - 373) K 

2 



1/4 



410 w/m" i: 



(1) 



hconv x 0.001m 
O.U3W/mK 

l-i 

where 

hf g =h fg +0.8cp iV (T s -T sat ) = 2257 kJ/kg+ 0.8x2.404 kj/kg-K (2045 -373) K = 5473kJ/kg. To 
estimate the radiation coefficient, use Eq. 10.1 1. 



h rad ; 



e(?(t 4 -T 4 at ) 0.80 x 5.67 x 10 8 W/m 2 ■ K 4 (2045 4 - 373 4 ] K A 



T B -T ( 



sat 



(2045- 373) K 



: 474 w/m 2 K. 
Continued. 
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PROBLEM 10.29 (tout.) 



ThenEq. 10.9 become* 




Solving iteratively, find Ii =£02 w/ m 2 K. Then, using Eq. (1), find 
q* = 802 w/ m 2 ■ K (2045 - 3 73 ) K = 1 .34 Mw/ in 2 . 



< 



Hie volumetric heat generation rate due to the electrical current caiibe found from the energy balance. 
q^TD = q?zrD 2 / 4 q = 4q" / D = 4 x 1 .34 MW/m 2 / 0.00 1 in = 5 .36 x 1 0 9 W/m 3 

From Eq. 3.53, 



C OMMENTS: ( 1) The film boiling heat flux winch causes the platinum wire to melt is not much 
greater than the critical heat flux. A system winch was operating near the critical heat flux, and 
underwent a small, unintentional increase in electrical power could cause destruction of the wire. (2) 
Radiation accounts for 60% of the heat flux from the wire at burnout. (3) Radial temperature 
differences in the wire are small because of the small radius and Large thermal conductivity. 



■ .2 




5.36 <1Q 9 W/m 2 x(0.QQ05 m) 2 
4x99.4 W/m-K 



+ 2045 K = 2048 K 



< 
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PROBLEM 10.30 



KNOWN: Heater element of 5-mm diameter maintained at a surface temperature of 3 50 C C when 
immersed in water under atmospheric pressure; element sheath is stainless steel with a mechanically 
polished finish having an eimssivity of 0.25. 

FIND : (a) The electrical power dissipation and the rate of evaporation per unit length; (b) If the 
heater element were operated at die same power dissipation rate in the nucleate boiling regime, what 
temperature would the surface achieve? Calculate the rate of evaporation per unit length for this 
operating condition, and (c) Make a sketch of the boiling curve and represent the two operating 
conditions of parts (a) and (b). Compare the results of your analysis. If the heater element is operated 
in the power-controlled mode, explain how you would achieve these two operating conditions 
beginning with a cold element. 

SCHEMATIC: 



Heater element 
(55 mechanicaly polished) 
D = 5 mm 
E=O.Z5 




T & = 350' J C 



5- 



Saturated water 

T„ t = 1 DORC- 



AS SUMPTIONS: (1) Steady- state conditions, and (2) Water exposed to standard atmospheric 
pressure and uniform temperature, T £ac . 

PROPERTIES: Table A-6, Saturated water, liquid (100°C): p/ = 957.9 kg/m 3 , c pi =4217 

J/kg-K, fi( = 279xlO _6 N-s/m 2 , Pr/ =1.76, h^ = 2257kJ.kg, hf g =h fg + 0.80 c pv (T s - T^, ) = 

-3 3 
2654 kJ/kg, a=58.9x 10 N.'m; Saturated water, vapor ( 1 00°C): p v = 0.5955 kg'm ; Table A-4, 

Water vapor (Tf = 500 K): p v = 0.4405 kg-'W. c PV = 1985 J.-kg-K k v = 0.0339 W/m-K. v v = 38.68 x 
2,, 

10 m is. 



ANALYSIS: (a) Since AT e > 120°C, the element is operatmg in the film-boiling (FB) regime. The 
electrical power dissipation per unit length is 



q' =h(^D)(T s -T sat ) 
where the total heat transfer coefficient is 



-4/3 =E 4/3 



7l. ; 3 



■*conv n rad " 

The convection coefficient is given by the correlation. Eq. 10.8, with C = 0.62. 

il/4 



g(^-/V)hf g D 3 



i^ v k v (T s -T sar ) 



(1) 
(2) 

(3) 



0.339 W/m-K 
0.005 m 



-(0.62) 



9.8 m/s 2 (S33.9-0.4405)kg/m 3 x2.654xlO S J, ; kg-K(0.005 mf 



38.68x10 6 m 2 /sx0.0339 W m K(350-100)K 



1 - 



h oonv = 225 W/in'-K 



2„4 



The radiation coefficient, Eq. (10.11), with a = 5.67 x 10 W/m-K , is 



Continued 
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PROBLEM 10.30 (Coiit.) 



^rad ; 



h rad = 



(T s 4 -T s 4 at ) 
( T s ~ T sat ) 
0.25er(623 4 -373 4 ) 



K 



-=7.4 W/ui^-K 



( 350- 100) K 

Substituting numerical values into Eq. (2) for h, and into Eq. (1) for q^, find 
h = 231 W/m 2 -K 

qj: =231W/m 2 -K(>x 0.005 m)(350-100)K = 907 W/m 

q£ =qs/xD = 57.8 kW/m 2 
The evaporation rate per unit length v> 

rhjj = q^ ,'hfg = 1.4 kg/h m < 

(b) For the same heat flux, qj! =57.8 kW7 m~. using the Rohseuow correlation for the nucleate 
boiling (NB) regime, find 6.1 e , and hence T 3 . 



1/2 



€ p,f AT e 



where, from Table 10. L for stainless steel mechanically pohshed finish "with water, C 3 f = 0 .0132 and 
n=l 0 



57.8 x 10 3 W / m 2 = 279 x lO^N ■ s / m 2 x 2.257 x 1 0 6 1/ kg 



, 3 



9.8 m/ s (957.9 - 0.5955 ) kg / m 



58.9x10 3 N/m 



1 2 



4217 J/kg KxAT e 
,0.0132x2.257xlQ 6 J:'kgxl.76^ 



AT e = T s- T sat = 7 - 6 K 
The evaporation rate per unit length is 

mjj = q^ (ffD) h fg = 1 .4 kg / h ■ m 



T s = 107.6°C 



Continued 
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PROBLEM 10.30 (Cant.) 



(c) The two operating conditions are shown on the boiling curve, which is fashioned after Figure 10.4. 
For FB the surface temperature is 1\ = 350 D C (AT e = 250 D C). The element can be operated at NB with 
the aine heat flux, qjj = 57.8 kW/m", with a surface temperature of T 3 = 1QS°C (AT e = 8°C). Since 
the heat fluxes are the same for both conditions, the evaporation rates are the same. 



57.8 kW/m 2 - 




If the element is cold, and operated in a power-con Trolled mode, the element would be brought to the 
KB condition following the arrow shown next to the boiling curve near AT e = 0. If the power is 
increased beyond that for the KB point, the element will approach the critical heat flux (CHF) 
condition. If is increased beyond q ulax , the temperature of the element will increase abruptly. 

and the burnout condition will likely occur. If burnout does not occur, reducing the heat flux would 
allow the element to reach the FB point. 
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PROBLEM 10.31 



KNOWN: Thickness and thermal conductivity of silicon clap. Properties of saturated fmorocarbon 
boiling on top of chip. Nucleate boiling constants. Surge in heat flux causes film boiling, then returns to 
30% of critical heat flux.. 

FIND: (a) Boiling regime when heat flux returns to original value, (b) How much clock speed must be 
reduced to return to nucleate boiling regime. 

SCHEMATIC: 



0,0 . ■ 
. _ * o O 

o9c\° o ' 



"° 0>o*r--^Sat.FC.T sat = 57 0 C 



Silicon, k = 135 W/m-K 



N.B. Constants: C s f = 0.005, n = 1 .7 




ASSUMPTIONS: (L) Steady-state conditions, (2) Uniform heat flux and adiabatic sides, hence one- 
dimensional conduction in chip, (3) Constant properties. 

PROPERTIES: Saturated fluorocarbou (given): c p j_ = 1 100 J. ; kg-K h £s = B4.4Q0 J.'kg, =1619.2 
kg/m 5 , p,,, = 13.4 kg/m 5 , a = S. 1 x 10~ 5 kg.'s 2 , \l ( = 440 x 1Q" 4 kg/m s, Pr ( =9.01. 

ANALYSIS : (a) We begin by calculating the critical heat flux from Eq. 10.6 with C = 0. 149 for a large 
horizontal heat flux. 

.nl/4 
°g(P*-Pv) 



<3max =0.149hf g p v 



Pv 



: 0. 1 49 x 84, 400 J/kg x L 3 .4 kg/m 3 x 



: 1.55 x10 s W/m 2 



1/4 



8.1x10 3 kg/s. 2 x9.Sm/s 2 (l619.2-13.4)kg/m 3 



(l3.4kg/m 3 ) 



Thus the design heat flux is q^ es = 0.3q mas = 4.64 x 10^ W/m 2 . When a power surge causes filni 

boiling and then the heat flux returns to this value, the regime will still be film boiling if this value 
exceeds the minimum heat flux. However, if it drops below the minimum heat flux it will return to 
nucleate boiling. The minimum heat flux can be calculated from Eq. 10.7. 



qJuiu = D.Q9h fg p v 



sg(pf-Pv) 



1/4 



(Pf +Pv) 



Continued.. 
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PROBLEM 10.31 (Cont.) 



qum = 0.09 x 84,400 J/kg x 13.4kg/ m 3 * 



1/4 



8.1x10 3 kg/% 2 x9.8m/s 2 (1619.2 -l.v4)kg/m 3 



(l619.2 + 13.4kg/m 3 ) 
= S46xl0 3 W/m 2 

Thus q^ et > qj n j 11 and the chip will operate in the film boiling regime after the beat flux returns to the 
design value. < ~ 
(b) The heat flux must be reduced below q^ u = S .46 >: W/m' 1 in order to return to the nucleate 
boiling regime. That is, it must be reduced to 1 8% of the design value, or a reduction of 82%. < - 

COMMENTS: In addition to having litr.ited capability 7 to cool VLSI chips (see Solution to Problem 
10.23), boiling limits their reh ability since, for all practical purposes, the chip must cease functioning 
in order to return to a safe operating condition. 
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PROBLEM 10.32 

KNOWN: Cylinder of L20 mm diameter at 1000K quenched in saturated water at 1 aim 

FIND: Describe the quenching process, and estimate the maximum heat removal rate per unit length 
dunna cooling. 

SCHEMATIC: 




ASSUMPTIONS: Water exposed to 1 atm pressure, T !at = 100°C. 

ANALYSIS: At the start of the quenching process, the surface temperature is T s (0) = 1000K. Hence, 
AT e = T 3 - = 1O00K - 373K = (52 7K, and from the typical boiling curve of Figure LOA film 
boiling occurs, with q" < q*„. . 

As tlie cylinder temperature decreases., iT e decreases, and the coolmg process follows the boiling 
curve sketched above. The cylinder boiling process passes through the Leideufrost point D, into the 
transition or unstable boiling regime (D — » C). 

2 

At poinr C. the boiling heat flux has reached a maximum, q.rnax — 1.26 MW/m (see Example 1 0. L). 
Hence, the heat rate per unit length of the cylinder is 

qi, = q ^ a!i = q [ mK ( ff D) = 1 .26MW / m 2 [,T (0. 120m)] = 0.475 MW / m < 

As the cylinder cools further, nucleate boiling occurs (C — > A) and the heat rate drops rapidly. 
Finally, at point A, boiling no longer is present and the cylinder is cooled by free convection. 

COMMENTS: Why doesn't the quenching process follow the cooling curve of Figure 10.3? 
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PROBLEM 10.33 



KNOWN": Horizontal platinum wire of diameter of 1 aim, emissiviry of 0.25, and surface temperature of 
800 K in saturated water at 1 ami pressure. 

FIND: (a) Surface hear flux, . when the surface temperature is T 4 = 800 K and (b) Compute and plot 
on log- log coordinates the heat flux as a function of die excess temperature, AT e = T 5 - T^,,, for the range 
150 < AT e < 550 K for emissivities of 0. 1. 0.25, and 0.95 : separately plot the percentage contribution of 
radiation as a function of ATV 



SCHEMATIC: 



Current 



r 



7, = 800 K, s = 0.25, D = 1 mm 



ASSUMPTIONS: (1) Steady-state conditions. (2) Film pool boiling. 

PROPERTIES: Table A.6, Saturated water, liquid (T ial = 100 S C, 1 arm): p( = 957.9 kg7m\ h f| = 2257 
kj/kg Table A.4, Water, vapor (T f = (T s - T Mt )/2 = (800 + 373)K/2 = 587 K): = 0.3744 kg.'nr, Cj. v = 
2018 J-ka K, v, = 54.1 1 x 10" 6 mVs, k T = 41.1 x 10" ] W/m-K. 

ANALYSIS : (a) The heat flux is 
q£ = E(T s -T sat ) = bAT e 

where M, = (800 - 373)K = 427 is indicative of film boiling. From Eq. 10.9 or 1 0. 10. 
h 4 '' 3 = hconv - hradt" 17 3 ™ h = *W + (3/4) b rad 

lfh : ,i-h,; : 

*3 



Nud 



Use Eq. 10.S with C = 0.62 for a horizontal cylinder. 

1/4 

g(Af-p T }hfgD J 



j^conyjj 
kv 



i/ v k v (T s -T Mt ) 



h cmlv x0.001m_ = o62 



9.Sm/s 2 (957.9 -0.3744) kg/m 3 x 2946 k j/kg (0.001m) 3 
(54. 1 1 x 10" S m 2 / s J x 0.041 1 W/m K (800 - 373) K 



1 4 



41.1x10 3 W/m-K 

Kxmh = 333 w/m 2 -E 

where h^ = h fe + 0.8c p v (X, -T sat ) = 2257kj/kg + 0.8x 2018 j/kg K(80Q-373)K = 2946kj/kg. To 



estimate the radiation coefficient, use Eq. 10.11, 



h rad : 



sa\T^ -T 4 t ] 0.25(jf800 4 - 373 4 }K 4 



X, -T, 



sat 



(S00-373)K 



= 13.0 W/m 2 K. 



Since h ra( j < k couv , use the simpler expression, 

h = 333 w/m 2 -K +(3/4)13.0 w/rn 2 -K = 343 w/m 2 -K. 
Using the rate equation, find 



Continued.. 
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PROBLEM 10.33 (tout.) 



<j| = 343 w/ m 2 - K (800 - 373) K = 1 46 kW/m 2 



b) Using rbe ///J Correlation Tool, Boiling, Film Poo! Boil big, combined with the Properties 
Tool for Water Vapor, the heat flux, , was calculated as a function of the surface 

temperature, AT e , for emissiviries of 0.1 . 0.25, and 0.95. Also plotted below is the ratio (%) of 



q " .■ □ " as a function of AT= 
rad 1 a 



'■ 1 



250 36Q 450 

Excess temperature, delta - e [k] 

eps = D.I 
eps = D.2E 
■ eps = D.B5 



- 1 



250 350 450 

Excess temperature, deltaTe (K> 

■ eps = D. 1 

- eps = DJB 

- eps = D.B5 



From the q* vs. AT e plot, note that the heat flux increases with increasing excess temperature 

and increasing emissivity. The heat flux falls between the minimum heat flux (Liedenfrost 

point) of I S. 9 kW/m" and the critical beat flux, 1 .26 MW/m" (see Example 10.1 for these 

values), however for sufficiently large excess temperature, the film boiling beat flux will exceed 

the critical beat flux. From the q " . /□ " vs. AT e plot, the maximum contribution bv radiation is 

^ rad ^ s 1 

around 16%. and occurs at tbe maximum surface temperature. 

COMMENTS: Since q£ <q nlax =1.26Mw/m 2 , the prescribed condition can only be achieved in 
power-controlled heating by first exceeding qJnax and then decreasing the flux to 146 k\V/m'. 
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PROBLEM 10.34 

KNOWN": Surface temperature and emissivity of strip steel. 

FEND: Heat flux across vapor blanket. 

SCHEMATIC: 

Wall jet- 




Wafer vapor 



ASSVMPTIONS: (L) Steady-state conditions^ {2) Vapor/jet interface is at T ;lt for p = 1 ami, (3) 
Negligible effect of jet and strip motion. 

PROPERTIES : Table A -6, S ahirated water ( 1 00 C C) : p t =957.9 kg/in , h fg = 225 7 k J/kg : 
Table A-4, Water vapor (T f = 640K): p v = 0.3434 kg/m\ c P;V = 2050 J/kg-K, 
v, = 64.50 x 1 0" S m 3 /s, k = 0.0456 W/in-K. 

ANALYSIS: The heat flux is ql = LAT e 
where 

"lid 

Wi± h ia = h fe + 0 S0c p v (T s - T iat ) = 3 .1 3 x 1 0° J / kg 

Equation 10.9 yields 

9.8m..'' s 2 (957.9 -0.3434) kg /in 3 (3. 13 xlO 6 J/kgj(l m) 3 
64.50x10^ m 2 .'s (0.0456 W/m, K) (907- 373) K 



AT e = 907 K-373 K = 534 K 

h 4 ■ 3 = h v + b ra d h 1 ■ 3 or h = h c onv - ( 3 / 4 ) h ra( j . 



(L2) 



Nu D =0.62 



1 4 



= 1290. 



Hence. 



h ctmv =Nu D k v /D = 1290 W/m' -K(0.0456 W/m-K/1 m) = 58.8 W/m -K 



h rad =" 



^s ~~ ^sht 



.67x10 S W/m 2 



(907-373)K 



Hence. 



h rad =24 W/m K 

h = 58.8 W/m 2 -K + (3/ 4)f 24 W/m 2 ■ K I = 77.1 W/m 2 ■ K 



Since hcom- and htjjj are the same order of magnitude, greater accuracy can be found by iterating on 
Eq.(l), which yields h =78 .0 W/m 2 -K. Then. 

=78.0 W/'m 2 -K(907-373)K = 4.16xl0 4 W/m 2 . < 

COMMENTS: The foregoing analysis is a very rough approximation 10 a complex problem. A more 
rigorous treatment is provided by Zumbrunnen et al. 111 ASME Paper S7-WAHT-5. 
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PROBLEM 10.35 



KNOWN": Copper sphere, 10 ram diameter, initially at a prescribed elevated temperature is quenched in 
a saturated (1 atm) water bath. 

FCND: The time for the sphere to cool (a) from T L = 130 to 1 10°C and (b) from Tj = 550°C to 220°C . 
SCHEMATIC: 




Sphere, D = 10 mm, copper 
Quenching processes: 

(a) Tj= 130 to 110 °C 

(b) T-= 550 to 220 oc 



Water -Z. 
T sa , = 100«C 



ASSUMPTIONS: (1) Sphere approximate! lumped capacitance, (2) Water saturated at 1 arm. 

PROPERTIES: Table .4-1, Copper: p = S933 kg'm 3 : Table A. 11, Copper (polished) : s = 0.04, typical 
value: Table A.4, Water, as required for the pool boiling correlations. 

ANALYSIS: Treating the sphere as a lumped capacitance and performing an energy balance, see Eq. 
5.14, 

dT 



J in 



" ^out — Est 



q| A s =pcV 



dt 



(1.2) 



For the sphere, V = tiD 1 / 6 and A= = kD~ . Using the IHT Lumped Capacitance Model to solve this 
differential equation, we need to specify (1) the specific heat of the copper sphere as a function of sphere 
temperature: use IHT Properties Toot, Copper, and (2) the heat flux, qj! . associated with the pool boiling 
processes: use IHT Correlations Tool, Boiling: 

(a) Cooling from T- =130° 'to 1 10°: Nucleate pool boiling, Rohs enow correlation, Eq. 10.5, 

(b) Coaling from T s = 550 to 220 °C : Film Pool Boiling, Eq. 1 0.8 with C = 0.67 (sphere). 

The thermophysical properties for water required of the correlations are provided by the IHT Tool, 
Properties- Mater and Water Vapor. The specific heat of copper as a function of sphere temperature is 
provided by the IHT Tool, Properties-Copper. The temperature-time hi stones for each of the cooling 
processes are plotted below. 



Nucleate pool bailing quench process 



Film pool boiling quench process 



'-1 
1 



13d 



120 



D.1 D.2 0.3 0.4 0.5 

Elapsed time, ■ (s) 



a 



2Z3 




10 2D 3D 4D 

Elapses lime. -. (si 

Continued.. 
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PROBLEM 10. 35 (Coiir.) 



losing the Explore feature in the IHTPlot Window, the elapsed times for the quench process were found 
as: 

Quench process T L - T : - (C) At(s) 

Nucleate pool boiling 13-0-1 L0 0. IS 
Film pool boiling 550-220 37.4 

COMMENTS: (1) Comparing the elapsed times for tlie two processes, the nucleate pool boiling process 
cools 20°C in 0.18s (1 10°C/s) vs. 330°C in 37.4s (S.B=G's) for the film pool boiling procesi. 

(2) The EHT Workspace used to generate the temperature-time history for the nucleate pool boiling 
process is shown below. 



/.'Correlations Tool - Boiling. Nucleate Pool Boiling, Heat flux 

q^s = qs_dprimeJilPB(Csf,n,rhol.rtiov,h1g l cpl.mul,Prl,sigrtia l de!taTe.g} II Eq 1D.S 

g = 9.8 // g ravitational constant, m/s^ 

deltaTe = Ts - Tsat // excess temperature, K 

Tsat = 373 // saturation temperature, K 

t* Evaljate liquid! I) and vapor(v) properties at Tsat. From Table 10.1 (Fill in as required), fluid- 
surface combination: */ 

Csf = D.2123 //Polished copper-water ■combination. Table 1 Q. 1 

n= 1 O 

C Correlation description: Heat flux for nucleate pool boiling iNPB), water-surface combination 
(Csf.n), Eq 10. .5, Table 10.1 . See boiling curve, Fig 10.4 . */ 



// Properties Tool - Water: 

// Water property functions :T dependence. From Table A. 6 
// Units: T(K), p(bars); 
x = 0 

rhol = rho_Txi"Water",Tsat,x) 
hfg = hfg_T("Water",Tsat) 
cpl = cp_T>;{'Water".Tsat,x} 
mul = mu_TK{'"A'ater",Tsat,j() 
kl = ^_TKi'"A'ater".Tsat,^} 
Prl = Pr_TxrWater",Tsat,>:) 
sigma = sigma_Ti ' Water", Tast) 
rhov = rho_Tx("vVater",Tsat1 ) 



// Quality i0=sat iquid or 1 =sat vapor) 
// Density, kg/m^J 
// Heat of vaporization. J/kg 
// Specific heat, J/kg-K 
// Viscosity, N sJnV2 
//Thermal conductivity, W/m-K 
// Prandtl number 

// Sur'ace tensssn, Nfm (liquid-vapor) 
// Vapor density, kg/n/3 



// Lumped Capacitance Model 

// Solution convergence assisted by us:ng deltaTe as deoendent variable rattier than Ts 
-As * q"s = rhos ' Vol * cps * der(deltaTe,t) 
As = pi*D"2 
Vol = pi*D"3/6 
□ =□.□10 



//Copper (pure) property functions : From Table A.1 

// Units: T(K) 

rhos = 8933 // Sphere density, al u niinuni al loy 2024 

cps = cp_T("Copper",Ts) // Specific heat, J/kg-K 

Ts_C = Ts - 273 // Su rface temperature, deg. C 
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PROBLEM 10.36 



KNOWN": Saturated water at 1 attn is heated in cross flow with velocities 0-2 rn/s over a 2 rnm- 
diaiiiEter tube. 

FEND : Plot the critical heat flux a& a function of water velocity; identify the pool boiling and 
transition regions between the low and high velocity ranges. 



SCHEMATIC: 



latm 



D=2 




mm 



sat 



ASSL^EPTTOXS : Nucleate boiling ill the presence of external forced convection. 

PROPERTIES: Table A-6 7 Water (1 arm): T, at = 100°C, p/_ = 957.9 ke>m.. p v = 0.5955 kg/'m 3 , li fg 

= 2257 klkg, a = 58.9 x 10" J N/in. 

ANALYSIS: The Lienhard-Eichhom correlations for forced convection boiling with cross flow over 
a cylinder are appropriate for estimating qj^x , Eqs. 10.12 and 10.13. 



Low Velocity 



3 max : 



1 + 



^1/3 

4tJ 



V 



<W = -0.5955 ^f-x 2257 xlO 3 — 



1 3 



1 + 



4*58.9*10 - N/m 
. 0.5955kg /in 3 V 2 0.002m J 



V 



High Velocity 



Imax ~~ 



169 



q ; iiax =-0.5955^f-x2257xl0 3 — 



Pv ; l^lAf J [ft,V 2 D , 

1 f 957.9 V M 
6910.5955 J 



V 



1 f 957.9 



19.2 



.1 2 ■ 



,1/3 



0.5955 j 



5S.9xl0 J N/m 



0.5955 kg /m 3 V 2 0.002m / 



V 



q max = 6.4299 xl0 5 V + 3. 280x1 0 15 V 1/3 



Continued . 
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PROBLEM 10.36 (Cont.) 

The transition between the low and liigh velocity regions occurs when 



3 max = A/hfg V 



4 max = 05955 "H x 2257x1 0 3 — V 



0.27: 



Pi 



,1/2 



+ 1 



m 



kg 



0.275 957.9 V''' 2 | 
z ' v 0.5955 J + 



6.0627 xlO D V. (3) 



For pool boiling conditions when the velocity is zero, the critical heat flux must be estimated 

according to the correlation for the small horizontal cvlinder as introduced m Problem 10.22. If the 

2 

cylinder were "large," the critical heat flux would be 1 .26 MW.'m as given by Eq. 10.6 with C=0. 149. 
The Confinement number and correction factor are 

^o-/g(p f - p v ) _ ^5S.9 x 10"' N-W9.S ms" (957.9 - 0.5955) kg.-'m 3 _ n 
r 0.001 m 

F = 0.S9+2.27exp(-3.44Co _1 ''' 2 ) = 1.15 
and the critical heat flux for the 1 'small" 2 mm cylinder is 

^pool 



qlnax ) . = 1 ■ 15 x 1 - 26 MW / m z = 1 .45 MW / m z 



Tlie graph below identifies four regions: pool boiling where q^^ = 1 .45 MW ■' m from V = 0 to 
0.17 m/s and the low velocity, transition and high velocity regimes. 




-&H/gh velocity 

t-) TrSTtsitiain 



Low velocity 

—I I I I 

as 10 1.5 2D 
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PROBLEM 10.31 



KNOWN: Saturated water at 1 atm and velocity 2 nr's in cross flow over a heater element of 5 mm 
diameter. 

FEND: Maximum heating rate : q'[\V/ m]. 



SCHEMATIC: 




mm 



V=Zfrj/s 



T 5 >T S3t 



ASSUMPTIONS : Nucleate boiling in the presence of external forced convection. 

PROPERTIES: Table A-6 : Water (1 atm): T 3at = 1Q0°C, p/_ =957.9 kg. ; m\ p v = 0.5955 kg/m 3 ,h fg 
= 2257 kJ/kg, a = 58.9 x 10" J Km 

ANALYSIS: The Lienhard-Eichhorn correlation for forced convection with cross flow over a 
cylinder is appropriate for estimating q^^. Assuming high- velocity region flow, Eq. 10.13 with Eq. 
10.14 can be written as 

P\ hfg V 



^ max : 



7T 



169 



EL' + J_ EL a 



Substituting numerical values, find 

Iniax = — 0- ?95?kg / in 3 x 2257 x 10 3 J / kg x 2m/ s 



1 f 957.9 



169 '-. 0.5955 



3/4 



1 / 957.9 



19.21 0.5955 



Y /2 f 

J (o. 



- 



■ 1 3 



58.9x10 J N/m 



595 5kg / m 3 (2 m/s) - 0.005m, 



q^ x = 4.331 MW/m J 



The high- velocity - region assumption is satisfied if 

? \l/2 



Imax 



4.33 lxlO 6 W/m 2 



:1.61< 



0.275/ 957.9 



,1/2 



1. 0-5955 J 



+ 1=4.51. 



0.5955kg /m 3 x2257xlO J J /kg *2m.'s " n 

The inequahty is satisfied. Using the estimate, the maximum heating rate is 

tlmax = %iax = 4.331 MW /m 2 x,t(O.0Q5ui) = 68.0kW/rn. < 

COMMENTS: Note that tine effect of the forced convection is to increase the critical heat flux by 
4.33/1.26 =3.4 over the pool boiling case. 
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PROBLEM 10.38 



KNO\YN: Diameter and wall heat flux for vertical steel tube. Velocity and pressure of saturated 
liquid water entering at bottom end. 

FIND : (a) Tube wall temperature and water quality at x = 1 5 m. (b) Tube wall temperature at location 
where single-phase vapor flow exist? at mean temperature T sal . (c) Plot tube wall temperature for -5 m 
<x<30m_ 



SCHE\LATIC: 



q"= 1 00,000 W/m 2 



D = 0.1 m 



Water 

u m = 0.05 m/s, T sat 

AS SO IPTI ON S : (15 S:eady-sta:e c additions .( 2 ) Constant properties. (3) G s: - = 1 . 
PROPERTIES: Table A. 6, Saturated water, liquid (10 bars): Ta, = 452.8 K, p/ = 887.3 kg''m\ h f| = 



2014kJ/kg, fi^=1494x 10" 6 N-s/m\ 



V/ =ULt 



:p ( = 1.6S4x 10" 7 m 2 /s, k ( = 0.6766 W.-m-K, Pr ( = 



0.979. Table J. 4, water vapor (T = 452.8 K): p v = 5 .094 kg/m\ u v = 14.95 x 1 0" 6 Ns/nv, k, = 
0.03353 W/'m-K, Pr,-= 1.149. 



ANALYSIS: (a) The mass flow rate is 
m = p 

Tlien fromEq. 10.16, 



m=p ,u nl A c = 8S7.3 kg/m 3 x 0.05 m/s x n(0. 1 in) 2 / 4 = 0.348 kg/s 



<L xDx 1 00, 000 W.W x 7t x 0. 1 m < 1 5 m 
X(x = 1 J m) = = : ; = 0.672 



mil- 



f? 



0.348 Ich'sjc 2.014x10" J/ts 



(1) 



To find the wall temperature, we must first find the convection coefficient from Eq. 1 0. 15. The 
Reynolds number hi 

Ke D = u ra D / \'jr = 0.05 mis x 0. 1 m/l .684 x 10~ 7 rn 2 / s = 2.97 x 1 0 4 

Tlius the flow is turbulent and the single phase convection coefficient can be calculated fromEq. 8.62, 

Nu (f/8) (Rep - 1000) Pt { _ (0.0237/S) (2.97 xlO 4 - 1000) 0.979 _ g4Q 

" UD ~ 1 + 12.7 (f/S) 1 ' 2 *!*/' 1 - 1)~ 1 + 12.7 (0.0237 /8) 1 '' 2 (0.979"-'' J - 1) ~ 

where from Equation 8.2 1, 

f = {0.790 In Rec - 1.64)- : = (0.790 In (2.97 x 10 4 ) - 1.64)" 2 = 0.0237 

Thus 

h T = Nu n k f / D = S4.0 x 0.6766 W/ m ■ K / 0. 1 m = 56S W/ m" ■ K 

Continued. 
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PROBLEM 10.3S£ S 

We must evaluate h from both Eqs. 10. 1 5a and 10. 1 5b and take the larger value. From Eq. 1 0. 15b 
(which yields the larger value). 



: 4-; 



• p- ■ 



°- 72 (l-X) aos f(Fr) + 667.2, 



(l-X^Gsf 



1.1361 I 0.672 0 - 72 fl- 0.672) 0 - 03 x 1 + 667.2 

I 5.094 ) ^ ' 



10 5 W/m 2 



44.4 kg / m 2 ■ 5 x 2.0 1 4 x 1 0 6 J :' kg 



(2) 



(l-0.672) a, xl 



= 10.3 



where m" = p,u Q = 44.4 kg/m -K, f(Fr) = 1 for a vertical tube, and G= f = 1 . Thus h = 10.3(568 
W/iir K) = 5860 W/m 2 -K and fromEq. 10.3, 

X = J m + q" I h = 452.8 K + 10 s W / m 2 / 5860 W / m 2 • K = 470 K = 197°C (3) < 
(b) The mass flow rate is unchanged, but the viscosity is now that of the vapor, therefore, 

Re D = 4m / 7cD,n v = 4 x 0.348 kg / s / 7t x 0. 1 m < 14.95 x 10~ S N ■ & / m 2 = 2.97 x 1 0 5 
And once again from Eqs. 8.62 and 8.2 1. 



Nu D = 



(f/8)(Re 3 - 1000) Pr v _ (0.0145 /S) (2.97 x 10 3 - 1000) 1.149 



1 + 12.7 {f /8) 1,,2 {Pr^ /3 - 1) 1 + 12.7 (0.0145 /8) 1 '' 2 (1.149^ 3 - 1) 



= 584 



vhere 



Thus 



and 



f= (0.790 lnRec - 1.64)"' = (0.790 In (2.97 x 10 5 ) - 1.64)"' = 0.0145 
h = Nu D k,. / D = 584 >: 0. 03 3 5 3 W / m ■ K / 0. L m = 1 96 W / nr ■ K 



T s = + q"; h = 452.8 K+ 10 ; W/m 2 .196 W tn ■ K = 964 K. = 691°C 



(c) Forx < 0. the liquid is at its saturation temperature and the heat transfer coefficient is the single- 
phase value calculated in pan (a). Thus the surface temperature is T: = T at + q" /h-p = 356°C For x > 
0 (until the fluid becomes fully vapor) Eqs. (1). (2). and (3) were entered into the IHT workspace 
alor.g wi;h :::e property values, previously calculated values of m . m . and raid o:::er inputs. For 
locations where pure single-phase vapor exists. T. ; = 69 1 °C: as calculated m pan (b). The results are 
shown below. 




Continued. 
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PROBLEM 10.33;:ii 

COMMENTS: (1) Dining pool boiling, we are concerned about approaching the critical beat flux. 
During forced convection boiling, an analogous situation exists whereby, once the liquid phase is 
entirely consumed, surface temperatures rise very rapidly, potentially melting the tube material. In 
applications where production of superheated steam is desired, such as m a Ranktne power cycle, 
precautions must be made to ensure the tube material will survive the high temperatures in regions 
associated with pure vapor conditions. (2) Surface temperatures at negative x values will be slightly 
less than shown for the pure liquid flow. This is because the fluid quality is averaged across the rube 
radius and, for x < 0, fluid near the centerline of the rube will consist of subcooled liquid while 

superheated vapor exists near the rube wall. This situation can yield values of X equal to zero, even 
though two-phase flow exists inthe fluid, increasing the convection coefficient. Similarly, the average 
quality reaches a value of unity at x = 22.3 in. Just beyond this location, the flow consists mainly of 
vapor, but a subcooled liquid mist can exist near the core of the flow, suppressing tube surface 
temperatures relative to those indicated just beyond x = 22.3 m. (3) The quality reaches a value of 0.8 
at x = 1 7.S m and Equation 10.1 5 is no longer applicable. The surface temperatures reported m the 
range 1 7.8 m < x < 22.3 m will be less accurate than for those further upstream. (4) Hie pressure will 
decrease with increasing x due to friction losses. Prediction of pressure drops in flow boiling is 
difficult. 
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PROBLEM 10,39 

KNOW N: Diameter and wall thickness of horizontal tube. Saturation temperature and flow rate 
ofR-134a. Wall heat flux. 



FIND : Maximum wall temperature at x = 0.4 m for (a) copper tube, (b) stainless steel tube. 

SCHEMATIC: fc , , 

x q" = 1Q"W/rrr 



R-134a 

m = 0.01 kg/s 

Ti=15°C 



r 







t 




' 1 


- + 



D = 0.Q1 m 



L TT 



ASSUMPTIONS: (1) Constant properties. (2) Steady-state conditions, (3) The heat flux value 
of 10 : W/m" is based on the inner wall surface area. 

PROPERTIES: Table A.5, Saturated liquid R-134a: (T^ = 2S8 K): k f = 0.0855 W/mK, c p _, 
= 13S7J.-kg K \i t =2.213 x LO" 4 Ns/m, Pr ( =3.54, p,= 1243.8 kg-m 3 , li^ = 186.6 U/kg. 
Saturated vapor R-134a (given): p v =23.75 kg/m 3 . Table A. L Pure copper (T e 300 K): k w = 
401 W/m-K. Table A. 1, AISI 316 SS (T * 300 K): k* = 13.4 W/mK. 

ANALYSIS: (a) FromEq. 10.1(5, 

- „ A , < TtDx 10 5 W/m 2 x 7t x 0.01 m x 0.4 m . ,__ 
X(x = 0.4 in) = — - = = 0.673 

"hfg 0.0 1 kg/s x 1 86.6 x 10 J I/kg 

To find the wall temperature, we must first find the convection coefficient from Eq. 10.1 5. The 
Reynolds number is 

Re D = 4rh/7cDii f =4x0.01 kg/s/ rcxOO lmx2.213x 10 -4 N ■ s/ni 2 = 5753 

Thus the flow is turbulent and the single phase convection coefficient can be calculated from Eq. 
3.62, 

Nu (f/S) (Re D - 1000) PTj (0.0370/8) (5753 - 10Q0) 3.54 _ ^ 

U ° ~ 1 + 12.7 (f/S) 1 ' 2 CPtf 3 - 1) ~ 1 + 12.7 (0.0370/8) l;3 (3.54 2;3 -l) 

where from Equation 8.21, 

f = (0.790 In Ret - 1.64)" : = {0.790 In (5753) - 1.64)" 2 = 0.0370 

Th::s 

h, p = Nu D k< /D = 36.3 xO.0855 W/m- K/ 0.01 m= 311 W/m 2 ■ K 

Continued. . . 
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PROBLEM 10.39 (Cant.) 



We must evaluate h from both Eqs. 10.15a and 10. 1 5b and take the larger value. We first 
calculate m" = m/ A ; = 1 27 kg/m 3 - s . Fr = (m" / p,) 2 / gD = 0. 1069 . fiTr) = 2.63Fr 03 = 1 .34, 
and note that G ; j = 1 .6" 3 from Table 10.2. Then, from Eq. 1 0. L 5a (which yields the Larger value), 

— = Q.66Sy^' X 0IS (l-X) a&t f(Fr)+105si^-i a_X) ;5 G. f 

™M| 0.573 al6 (l-0.673) !j4 x 1.34 + 10551 l Q " U m " j <1-D.673) ;s <;.63 

23.75 J I 127 kg/m- ^lSS.SxlO 3 J/kgJ 

Thus h = 1 5.9(3 1 1 W/nr-K) = 4942 W/m 2 -K and from Eq. 10.3, 

T 5 =T - + q'/h = 15 o C + 10 i W / m 2 / 4942 W / m 2 - K = 3 5 .2 C C 
This is the inner wall temperature. The maximum wall temperature is the outer wall temperature, 
given by 

T. 0 = T, + q"r s ln(r o /r )/k,. = 35.2°C + 10 ; W/m 1 x 0.005 mln(0.007/ 0.005)/ 401 W/m-K 
T 0 =35.6°C < 

(b) For stainless steel, the value of G i: - changes. G$= 1, and the wall thermal conductivity is 
lower. Repeating the calculations (with Eq. 10. 1 5b now yielding the larger value of h) we find h 
= 377S W/'W-K, T, = 41.5°C, and 

T SO =54.0°C < 

COMMENTS: (1) The confinement number is Co = 0.089 which is less than 1/2, therefore Eq. 
10.15 may be used. (2) For vertical tubes, the corre sponding maximum wall temperatures are T Kin - 
= 35.9 D C and 58. PC. respectively. 
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PROBLEM 10.40 
KNOWN: Various fluids at atmospheric pressure boiling in a tube. 
FIND : Tube diameter associated with a Confinement number of 0. 5 . 
SCHEMATIC: 



Fluid 




ASSUMPTIONS; (1) Constant properties. 

PROPERTIES: Table A.5, Saturated etbanol (p = 1 atm): p, = 757 kg/'ni 3 , p v = 1.44 

kg/m 3 , a = 17.7 x 10"' N/m. Saturated mercury (p = 1 atm): p, = 12,740 kg/m 3 , p, = 

3.90 kg/nT. a =417 x 10~ 3 N/m. Saturated R- 13 4a (p = 1 atm): p, = 1377 kg/m 3 , p v = 

5.26 kg/m , u = 15.4 x 10"" N/m. Saturated dielectric fluid, given in Problem 10.23 (p = 
1 arm): p, = 1619.2 kg/m 3 , p, = 13.4 kg/m 3 , a = 8.1 x 10" 3 N/m. Table A.6 : Saturated 

water (p = 1 atm): p f = 989 kg/m 3 , p v = 0.595 kg'm 3 , a = 58.9 x 10" 3 N/m. 
ANALYSIS: The Confinement number is defined as, 
Co = Vc/[g(p,-p v )]/D 

Thus for a critical Confinement number of 0.5. 

D = 2^<j/[g(p f -p v )] 
The results are tabulated below for all five fluids. 



Fluid 


Critical diameter (mm) 


Ethanol 


3.03 


Mercury 


3.65 


Water 


4.93 


R-134a 


2.14 


Dielectric fluid 


1.43 



< 

COMMENTS: Despite the wide range of individual property values, the critical tube 
diameter below which the bubble occupies a significant fraction of the rube volume is 
confined to a relatively narrow range. 
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PROBLEM 10.41 

KNOWN: Saturated steam condensing on the outside of a brass tube and water flowing on the inside 
of the tube; convection coefficient* are~prescribed. 

FIND : Steam condensation rate per unit length of the Tube. 

SCHEMATIC: 

Di=165mm f ||j I ||| (s^^ied^^m O.lbaF, 



I m2 j. JM ]_^ s 6eoo wj m i.K 



Water, 



AS S l~y IPTIONS : (L) S teady- state c onditions . 



PROPERTIES: Table A-6 7 Water, vapor (0.1 bar): T 3at * 320K, h fg = 2390 x 10 J.'kg; Table A- 1, 
Brass (T = (T m + T, at )/2s 300K) : k = 1 10 W / in - K 



ANALYSIS: The condensation rate per unit length follows from Eq. 10.34 written as 
m' = q7hjg 

where the heat rate follows fromEq. 10.33 using an overall heat transfer coefficient 

q' = U 0 -jtB 0 { T 5at - T m ) 
and from Eq. 3.3 1. 



u 0 = 



Di D t ^ 



(1) 
(2) 

(3) 



0.0095m , 19 19 
-+ (a +- 



-I 



6800 W/m 2 K HOW/m-K 16.5 16.5 5200 W/m 2 K 



Uo = 



— 1 

1 47. 1 x 10 _e - 1 2 . 1 8 x 1 0" 6 - 192. 3 x 1 0 _e | W / m 2 K = 2627 W7 m 2 ■ K. 
Combining Eqs. (1) and (2) and substituting numerical values (see below for hf F ), find 
m' = U 0 ^D 0 (T sat -T m )/htg 

m' = 2627 W / m 2 ■ Kk (0.0 19rn) (320 - 303 ) K / 241 0 x 10 3 J / kg = 1 . 1 1 x 10~ 3 kg / s. < 

COMMENTS: (1) Note from evaluation of Eq. (3) that the thermal resistance of the brass tube is not 
negligible. (2) From Eq. 1 0.27, with Ja = c p t (T^ - T s ) ■ h fe , = h fe [l + 0.65 Ja] . Note from 

expression for U a , that the internal resistance is the largest. Hence, estimate T 5>0 * T 0 — (Rj/ER) (T 0 - 
Tm)*313K. Hence, 

hf E * 2390 x 1 0 3 J / kg| 1 + 0.68 x 4179 J / kg - K (320 -3 13) K / 2390 x 10 3 J / kg] 
h fg = 2410kJ/kg 
where c pJ for water (liquid) is evaluated at T f = (T 3j0 + T 0 )/2 a 317K. 
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PROBLEM 10.42 

KNOWN: Insulated container having cold bottom surface and exposed to saturated vapor. 

FEND: Expression for growth rate of liquid layer, 6(f); thickness formed foi pie scribed conditions; 
compare with vertical plate condensate for same conditions. 



SCHEMATIC: 



Vapor, Tlgf(latm) 



T s =GO'C 




Pta+e, 2,00™*/ 



ASSUMPTIONS : (1) Side wall effects are negligible and (2) Vapor-liquid interface is at T sa: , (3) 
Temperature distribution in liquid is linear, (4) Constant properties. 

PROPERTIES: Table A- 6, Saturated vapor (p = 1 .0133 bar): T 3at = 1 Q0°C = p v = G.59S kg/m, h ie = 
2257 klflcg; Table A-6, Saturated liquid (Tf = 90°C = 363K): p ( = 9(55 kg/m.. ft t = 3 1 3 x 1 0' 6 
X-s m~. = 0.676 Wm-K c , = 4207 J kg-K v t = p t = 3.24 x 10 -T nrVs. 

ANALYSIS: Perform a surface energy balance on the interface (see above) recognizing that 
thf A = p/_ dS ! dt from an overall mass rate balance on the liquid to obtain 

Ern "Eout = <konds "<lcond = f bfg ~U = Pi ^hfg - k ( 0 (1) 

where ^ me condensation heat flux and q^ond 14 T ^ e conduction heat flux into the liquid layer 

of thickness 5 with linear temperature distribution. Eq. (1) can be rewritten as 

d<? - T sat - T s 



Separate variables and integrate with limits shown to obtam the liquid layer growth rate, 



JO M 



t k f ('T Mt -T 5 ) 
0 Pi hf„ 



dt 



5 - 



2k ^( T sat- T s) 



1 2 



(2) < 



For the prescribed conditions, the liquid layer thickness and condensate formed in one hour are 

nl/2 

\\ I.-.t -. ! 

t>illir} = 



2 x 0.676 ( 1 00 - 80) °C x 3600s / 965 -|-x 2257 x 1 0 5 — 

in K m j kg 



= 6. 69 nun < - 



M (Ihr) = p ( AS = 965kg /m J x 200x10 6 m 2 x6.69xl0 J m = 1.29xl0 J kg. < 

Continued 



-1-3. 
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PROBLEM 10.42 (Cont.) 

The condensate formed on a vertical plate with the same conditions follows from Eq. 10.34. 
M^p = in t = Iil A(T sar - T s J ■ t/hjfg 

where hf 2 and hj_. follow fromEqs. 10.27 and 10.41, respectively, with Re s given by one ofEqs. 
10.42-10.44. 

h'f g = hf g (1 + 0.68 Ja ) = hf g (l + 0.68 c p _ ( AT / hf g ) 
hJ- e = 2257xl0 3 J/k g ; 14 0.68x4207 —I— (100- S0) C C7 2257x1 0 3 J. 'kg | = 2314kJ/kg 



From Eq. 10.42, 



Re 5 =3.78 



= 3.78 



k;L(T Ht -T = ) 



3/4 



Hfll^(v;'/g) 



] 3 



3.4 



0.676 W/m-K x 0.0141 m(100 - S0)°C 



313> 10" 5 Xs.W * 2314 x 10' J/kg x[(3.24 x 10^ m 2 /s) : /9.8 m's 2 " 
Since Re b < 30, Eq. 10.42 is for the correct Rer, range. Then fromEq. 10.41, 



= 24.3 



- Re=,Li ; hf 2 24.3x313xlO- s N ■ s/m 2 x2314xl0 3 J/kg , clr „ n „ r , 2 „ 

hx = — = = 15, :>S0 W ■ nr ■ Is. 

"" _ " 4x0.0141 mx (100- 80)°C 



Hence. 



=15,580W/m 2 -Kx200xlO 6 m 2 ('100-80)' ; Cx3600s/2314xl0 3 J/kg 

M, p =9.7xl0- 2 kg. < 

COMMENTS: Note that the condensate formed by the vertical plate is almost two orders of 
magnitude larger. For the vertical plate the rate of condensate formation is constant. For the container 
bottom surface, the rate decreases with increasing time since the conduction resistance increases as the 
liquid layer thickness increases. 
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PROBLEM 10.43 

KNOWN : Vertica 1 tube experiencing condensati on of steam on it* outer sulfa ce. 

FEND: Heat transfer and condensation rates. 

SCHEMATIC: 





D -100mm 



ASSUMPTIONS: (1) Film condensation, (2) Negligible non-condensibles, (3) D/2 » 5, vertical 
plate behavior. 

PROPERTIES: Table Water, vapor (1.0133 bar): T 3a , = 10Q=C. p v = 0.596 kgm 3 , h fg = 2257 
kJ/kg; Table A-6, Water, liquid (Tf = 97°C): p t = 960.6 ke/m, m ( = 289 x 10" 6 N-s/m 1 , c f i =4214 
I/kg K, k ( = 0.679 W/m-K,r f = fs t i p f = 3.01 x 10" nrVs. 

ANALYSIS: The heat transfer and condensation rates are 

q = k L (,t D L) (T &at - T s ) m = q / Wf g 

where h' fg = h fg (1 + 0.6S Ja) and Ja = c p ( (T sat - T 3 ) / . Hence Ja = 4214 Ikg-K (1 00 - 
94)K/2257 x 10 3 J/kg = 0.0112 and life = 2274 kJ.'kg. 

Beginning by assuming laminar film condensation, Eq. 10.42 yields, 



Re^ = 3.78 



kiLCL^-T,) 



-,3/4 



3.7S 



3/4 



0.679 W / m - K x 1 m( 1 00 - 94)°C 



289xlQ" s N-s/m 2 x 2.274 x 10 s J/kg :<[{3.Glx 1G" 7 m 2 Isf /9.8 m/s : 



,-,1/3 



= 269 



Since Re^ 30.. the film is not laminar. Next trying Eq. 10.43 yields 

-i0.S2 



Re, = 



3.7Qk : L(T a7 -T,) 
u^v/Zg) 1 ' 3 



-4.S 



= 311 



Since now 30< Re 5 < 1 800, tins equation is correct and the film is wavy laminar. Then from Eq. 
10.41, 



h, 



4L(X Jt -X) 



) 1 1 x 289 x W~ 6 N ■ s/ m 2 x 2.274 x W 6 J/ kg 
4x1 rnx (100-94)^ 



: &530W/m 2 -K 



Continued 
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PROBLEM 10.43 (Conl.) 



q = h L A(T =lt -T 5 ) = 8530 W/ m" K x n x 0. 1 m x L m x (100 - 94)°C = 1 6.0 kW < 
m = q/h' h = (1 6.0^1 0 3 W)/(2.274 * 10 s J/kg) = 7. 1 ■* 10" 3 kg/s < 

COMMENTS: To determine whether the assumption D/2 » 5 is satisfied, use Eq_ 10.25 to estimate 
S(L) st : 0. 12mm. Despite the laminar film assumption, clearly the assumption is justified and the 
vertical plate correlation is applicable. 
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PROBLEM 10.44 

KNOWN : Vertical rube experiencing condensation of steam on its outer surface. 

FIND: Heat transfer and condensation rates. 

SCHEMATIC: 



Saturated \ L-1th ' 




100 mm 



ds rrs ate. 



ASSUMPTIONS: (L) Tiki condensation, (2) Negligible condeiisibles in steam, (3) D/2 » S, vertical 
plate behavior. 

PROPERTIES: Table A-6 : Water, vapor (1.5 bar): T sat a 3S5K, p v = 0.87(5 kg/nf\ h fF = 2225 kJVkg; 
Table A-6. Water, (liquid Tf = 376K): p t = 956.2 kg/m , c pJ = 4220 J7kg-K, =271 x 10" 

N-s/m 3 , =0.681 W/m K,^ = ^/>, = 2.83* 10"' m : /s. 

ANALYSIS: The heat transfer and condensation rates are 

q = h L (,TDL)(T sat -T s ) ih = q/'h^ 

where = (l + 0.SS Ja ) and Ja = c pJ (T^ - T 3 ) / h^. Hence, Ja = 4220 J/kg-K (3S5 - 

367)K/2225 x ID 3 J/kg = 0.0171 and hf g = 2277kJ/kg. 

Begin by assuming the flow is wavy laminar, then Eq. 10.43 yields, 

3.70k;L(T Mt -T 5 ) 



Re : = 



H/hf^ /g) 



-+4.8 



-■o.sa 



3.70x0.681 W/m-Kxl m (385-367)K 



271>.T0" S N ■ s. ■■' m 2 x 2277 xlO 3 J/kgx[{2.83xl0" 7 m 2 /s) 2 /9.8 mis 2 ] 1 ' 3 



-4.S 



= 834 



Thus, with 30< Re^ < 1800, the wavy laminar assumption was correct. From Eq. 10.41 . 
- l= Re^ ^ 834x271xl0^N- 5 /m 2 x2277xlO^J/kg ^ 715OW/m2 K 
4L(T Jt -T) 4xlmx(385-367)K 

Hence, q = 7150 W / m 2 ■ K (x x 0.1m x lm)(385 -367)K = 40.4 kW 
m = 40.4 x 1 0 3 W / 2277 x 1 0 3 J / kg = 0.0 1 78 kg / s. 

COMMENTS: By comparing these results with those of Problem 10.43, the effect of increased 
pressure on condensation can be seen. 

p (bar) T Eal (K) T ilt -T,(K) h L ( W / m 2 ■ K ) q (kW) lii - 1 0 3 (kg / s ) 



< 
< 



1.01 
1.5 



373 
385 



6 
18 



8530 
7150 



16.0 
40.4 



7.1 
17.8 



The effect of increasing the pressure from 1 .01 to 1.5 bar is to increase the excess temperature three- 
fold, to decrease h]_ by 16%, and to increase the rates by a factor of 2.5. 
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PROBLEM 10.45 

KNOWN: Cooled vertical plate 500-mm high and 200-mtn wide condensing saturated steam .at 1 atm. 

FIND: (a) Surface temperature, l-„ required to achieve a condensation rate of til = 25 kg/h, (b) Compute 
and plot T ; as a function of the condensation rate for the range 15 < m < 50 kg/h . and (c) Compute and 
plot T ; for the s ame range of m , but if the plate is 200 mm high and 5 00 mm wide [vs . 500 mm high and 
200 mm wide for parts (a) and (b)). 

SCHEMATTC: 




t m = 25 kg/h 

ASSUMPTIONS: (1) Film condensation, (2) Negligible non-condensables in steam. 

PROPERTIES: Table A-6, Water vapor (1.0133 bar): T S .= 100°C. K= -257 kJ/kg; Table A-6, 
Water, liquid (T, * (74 + 100)°C/2 * 360 K): p ( = 967.1 kgm 3 , c p ( =4203 J/kg K, fig =324 x 10^ 

Ns,W , k( =0.674 Wto EC, v f = yu^Z/Jf =3.35 x 10" T m J /s 

ANALYSIS : (a) With knowledge of rh, Re 5 can be calculated from Eq. 10.36, 

Re= = — = ; 4 x 2:>kg ' h I /324 y. 10" 6 X - s / mi" x 0.2 m = 429 
° H,b \. 3600 s/hj/ 

Tims the flow is wavy laminar and Eq. 10.43 applies, which can be solved for T ; , T - T\. 

T Bt -T s rR e ( 1/a82 5-4 ;l ^ v ? / g/ ;1 

l + (0.68c ?: . ; /h fl )CT Mt -T s ) L 5 J 3 .70k,E 

Substituting numerical values and solving for T H t— T 5 yields 

T m - T» = 22.0°C T= = 78°C < 

This value is to be compared to the assumed value of 74 C 'C used for evaluating properties. See comment 
1. 

(b,c) Using the IHT Correlations Tool, Film Condensation, Vertical Plate for laminar, wavy-laminar and 
turbulent regions, combined with the Properties Tool for Water, the surface temperature T s was 
calculated as a function of the condensation rate. m. considering the two plate configurations as indicated 
in the plot below. 



Continued 
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As expected the condensation rate increases with decreasing surface temperature. The plate with the 
shorter height (L = 200 mm vs 500 mm) will have the thinner boundary Layer and, hence, the higher 
average convection coefficient. Since both plate configurations have the same total surface area, the 200- 
mm height plate will have the larger heat transfer and condensation rates. For the range of conditions 
examined, the condensate flow is in the wavy-laminar region. 

COMMENTS: (1) With the IHT model developed for parts (b) and (c), the result for the part (a) 
conditions with m = 25 kg-li is T ; = 77.9 S C (Re; = 4iS and h L = 7400 Wfm 2 ■ K) . Hence, the assumed 
value (T= = 74°C) required to initiate the analysis was a good one. 
(2) A copy of the IHT Workspace model used to generate the above plot is shown below. 
C Correlations Tool 

-Film Condensation, Vertical Plate, Laminar, wavy-laminar and turbulent regions: *' 

NuLbar = Mu L_bar_FC D_VP[ Redelta.Prl) // Eq 1 0.38, 39. 40 

NuLbar = hLbar ' (nul A 2/gH1/3)/ kl 

g = 9.8 It Gravitational constant, m/s 1 ^ 

Ts = Ts_C + 273 tl Surface temperature, K 

Ts_C = 78 tl Initial guess value used to solve the model 

Tsat= 100 + 273 //Saturation temperature, K 

// The liquid properties are evaluated at the film temperature, Tf, 

Tf = Tfluid_avg<TsTsat) 

// The condensation and heat rates are 

q = hLbar ■ As * {Tsat - Ts) tl Eq 10.33 

As = L * b // Surface Area, n'*2 

mdac = q/h'rg // Eq 10.34 

hfg = hfg + 0.68 ' cpl * (Tsat - Ts) tl Eq 10.27 

// The Reynolds number based upon fi m thickness is 

Redelta = 4 * rndot / (mul * b) // Eq 10.36 

//Assigned Variables: 

L = 0.5 // Vertical height, m 

b = 0.2 // Width, m 

nidot_h = rndot * 36DD // Condensation rate, kg/h 

//mdot_h = 25 // Design value, part (a) 

It Properties Tool - Water: 

// Water property functions :T dependence, From Table A.6 
// Units: V.K). p(bars) 

xl = 0 // Quality (0=sat liquid or 1 =sat vapor) 

rhol = rho_Txi"Water",Tf ,xl) // Density, kg/m*3 

hfg = hfg_T(" Water", Tsat) // Heat of vaporization. J/kg 

cpl = cp_Tx('Water J, .Tf,xl) // Specific heat, J/kg-K 

mul = mu_Tx("Watei J, .Tf,xl} // Viscosity, N-5/m*2 

nul = nu_Txi"Waterff,xl) // Kinematic viscosity, nv*2/s 

kl = kJxrWatef.Tf .xl) // Thermal condu ctivity, W/m-K 

Prt = Pr_TxCWater",Tf. si ) // Prandtl number 
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PROBLEM 10.46 

KNOWN: Plate dimension;, temperature and inclination. Pressure of saturated steam. 

FESTJ : (a) Heat transfer and condensation rates for vertical plate, (b) Heat transfer and condensation 
rates for inclined plate. 

SCHEMATIC: 





AS SO IPTION S : ( 1 ) Constant propertie s . 

PROPERTIES : Table A- 6, saturated vapor (p= L . 0 1 3 3 bare) : T sat = 1 00°C, hf g = 2 25 7 kJVkg. Table 
A-6, saturated liquid (T f = 75°C): Pt = 975 kg /in 3 , ft t = 375xlO" 6 N-3 iw 2 , k ( = 0.668 W/m-K. 
c p .■ = 41 93 J- kg-K, v ( = Mi-' Pi = 3 - 35 x mJ; ' s = =2.35. 

ANALYSIS: (a) Since the plate is long, begin by trying turbulent film condensation, Eq. 10.44 

^(vj/g) 1 " 
where h'.~ E = h fg - O.eSc^ (T 5at -T s )= 2400 kJ/kg. 

0.069 x 0.668 W/'m-Kx 2 m(100-50) K 



Re, 



-- .' 



2.35 0? -15L(2.35) U - +253 



375xl0" f N-s/m 2 x2.4xl0 6 J /kg 



(3.85xlO" 7 m 3 /s]| /9.8 m/s ; 



] 3 



Re 6 = 2370 

Therefore the assumption of turbulent fihn condensation was correct. From Eqs. (L0.36) and (10.34) 
the condensation and heat rates are then 
. _// J fbRe (? 



< 
< 



- = 0.444 kg is 

q = lit h' fg = 0.444 kg / s x 2.4 x 10* J / kg = 1 .065 x 1 Q 6 W 
From Eq. (10.33), we also obtain h L = q/[(bL)(T sat -T s )] = 5325 W,'m 2 K. 

(b) With ^1(^1) = (co-id) 1 ' 4 h L , we obtain kL(ind) = 0.917x5325 W/m 2 ■ K = 48S0 W/in 2 K If 

the inclination reduces h L by 8.4%, the heat and condensation rates are reduced by equivalent 
amounts. Hence. 



in = 0407 kg/ s. 



q = 0.977x10" W 



COMMENTS: Tlie initial guess of a turbulent film region was motivated by the value of L = 2m, 
which was believed to be large enough for transition to turbulence. Note that the solution could also 
have been obtained by accessing the Film Condensation correlations of IHT, implementation of which 
does not require an assumption of flow conditions. 
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PROBLEM 10.47 

KNOWN: Saturated ethylene glycol (1 atm) condensing on a vertical plate at 420K. 

FEND : Heat transfer rate to the plate and condensation rate. 

SCHEMATIC: 




I I I 



1=0.3*7 

ASSUMPTIONS: (1) Film condensation, (2) Negligible nou-coudemible gases in vapor. 

PROPERTIES: Tabls A-5, Ethylene glycol vapor (1 atm): T sat = 47 OK. p v = 0 k&im , hf g = 812 kJ/kg; 
Table A-5, Ethylene glycol, liquid (Tf = (T E + T sa t>'2 ~ 445K; use properties at upper limit of table 373K): p f 

3 "l "l 

= 1058.5 kg/in\ c p _, =2742 J.'kg-K, u ( =0.215 x 10"" N-v'm", k f = 0.263 W/m-K, 2.03 x 10"* nfvs. 
ANALYSIS: Begin by assuming Laminar film condensation. From Eq. 10.42 



Re s =3.78 



t f LCT Mt -T 5 ) 

u,i4Cv/g) 1;3 



3 4 



3.?S 



3/4 



0.263 W/m-Kx 0.3 m (470-42Q)K 



0.215 xlO" 2 Ns/m 2 x9O5xL0 3 J/kgx. {2.03 xlO" 6 m 2 /s) 2 !'9.Z m/s 2 ^' 3 

where hi, = h fg + 0.68c p i (T slt - T 5 )= 905 kJ/kg. Thus the assumption of laminar flow was incorrect. 
From Eq. 10.43 



= 448 



Res = 



3.701:jL(I. lt -T = ) 
_ M ,l4(v f 2 /gp 



-c.8: 



+ 4.: 



= 45.4 



and the flow is wavy laminar. From Eq. 10.36 

m = Re s u f b/4 = 45.4 * 0.215 * 10" 2 K -s/m 2 x 0.1 m/4 = 2.44 * 10" 3 kg/s 

and fromEq. 10.34 

q = mh^ = 2 .21kW 

CO?>DIENTS: Note the wavy-Laminar value of Re;; is within 1.3% of the laminar value. 
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PROBLEM 10.48 



KNOWN": Vertical plare 2.5 mhigh at a surface temperature Ti = 54 °C exposed to steam at atmospheric 
pressure. 

FIND: (a) Condensation and heat transfer rates, (b) Whether turbulent flow \vould still exist if the height 
were halved, and (c) Compute and plot the condensation rates for the two plate heights (2.5 m and 1.25 
m) as a function of surface temperature for the range, 54 < T ; < 90 C C. 



SCHEMATIC: 



L = 2.5 m 




Plate, unit width (b) 




T s = 54°C 




m 

ASSUMPTIONS: (1) Film condensation, (2) Negligible non-condensables m steaui. 

PROPERTIES: Table A-6, Water, vapor (1 ami): T sal = 1Q0 C C, h :? = 2257 kJ/kg; Table A-6, Water, 
liquid CT f =(lQ0 + 54)°C/2 = 350 K): p ( = 973.7 kg'm 3 , k^= 0.668 W/ui-K, M(=i65 x 10" 5 N-s.'nr , 
c p c =4195 J/kg K. Prf =2 29, v t = fi t /p t = 3.75 x 10 7 m 2 .s. 

ANALYSIS: (a) For the long plate length, assume turbulent film condensation, Eq. 10.44. 
Reg 4°^^? } Prr-151Prr + 253p 



- : 



0.069x0.6158 W/m Kx2_5 m(100-54)K 



365 >. 10" S N - s /nr x 23S8 x W 3 J/ kg 



(3.75xlQ~ 7 irr/sj /9.8 m/s 2 



2.29° 5 - 1 5 1{ 2. 29)° 5 + 253 



Re 6 = 2979 

where hj g =h f? + 0.68c p i (T^ t -T = )= 23SS klkg. Tlie turbulent assumption is correct. Uien from Eqs. 
10.36 and 10.34, 



m' = = 2979 x 365 x 1 0" e N - s/m 2 ,'4 = 0.272 kg/ 



g/s ■ m 



q'= m'h' {g = 0.272 kg/s ■ m x 2.388 x 10 u J/kg = 649 kW/m 



< 
< 



(b) If the length is halved, L = 1 .25 m. Re 5 will decrease and we begin by trying Eq. 10.43, 

-o.b: 

3.70krL(X 3t -T) JO 

u/hLfv/Zg) 1 ' 3 



Re-. 



= 1375 



and the assumption of wavy laminar flow was correct. Tlie flow regime changes. 



< 



We find di' = ^ = 0 . 1 2 5kg / s m and q- - th' h = 300 k W/m . Note that the height was 



Continued... 
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PROBLEM 10.48 (Cant.) 

decreased by a factor of 2 while the rate; decreased by a factor of 2.2 \ Would you have expected tins 
result 0 

(c) Using the IHT Correlation Tool, Film Condensation. Vertical Plate for laminar, wavy-laminar, and 
turbulent regions, combined with the Properties Tool for Water, the condensation rates were calculated as 
a function of the surface temperature considering the two plate heights indicated. 




■ 1.2E r n-i dale 



The condensation rate decieases nearly linearly with increasing surface temperature. The inflection m the 
upper curve (L = 2.5 m) corresponds to the flow transition at Re^ = IS 00 between wavy-laminar and 
turbulent. For surface temperature lower than 76° C, the flow is turbulent over the 2.5 m plate. The flow 
over the 1.25 m plate is always in the wavy-laminar region. The fact that the 2.5 m plate experiences 
turbulent flow explains the height-rate relationship mentioned in the closing sentences of part (b). 

COMMENTS: A copy of the EHT model used to generate the above plot is shown below. 



f Correlations Tool 

-Film Condensation. Vertical Plate, Laminar, wavy-laminar and turbulent regions: T / 
N jLbar = NuL_bar_FCO_VP(Kedelta,Pri) it Eq 10.38, 39. 40 
= hLLHr'(nul*2/g)*(1;3)/kl 

It Gravitational constant, mfs"2 

// Surface temperature, K 
It Part (a) design cond tion 
// Saturation temperature. K 
ire evaluated at ttie film temperature, Tf, 



3 = 

Ts= Ts_C + 273 
Ts_C = 54 
Tsat= IDC + 273 
//The liquid prope 
Tf = Tfluid_avg{TsTsat) 
// The condensation and heat 
q = hLlMi 1 As * (Tsat - Ts) 
As = L*b 
mdot = q / hlg 
hfq = htg + 0.6B * cpl 1 (Tsat - Ts) 



air 



// Eq 10.33 
//Surface Area, m*2 
II Eq 10.34 
// Eq 10.27 



// The Reynolds number based upon film thickness i! 
Redelta = 4 * mdot I (mul * b) // Eq 10.36 

//Assigned Variables: 

L = 1 .25 // Height, m 

b = 1 // Width, m 



// P rop&rties Tool - Water: 
// Water property functions :1 
// Units: T(K), p(bars); 
xl = 0 

rhol = rrio_Txi"'JVater",Tf,xl) 
hfg = hfg_T("Water,Tsat) 
cpl = cp_T<Watei J, .Tf,xl} 
mul = mu_Tx{ ,,, A , ater".Tf,xl) 
nul = nu_Txi"Water" ff.xl) 
kl = k_Tx('Water",Tf ,xl) 
Pri = Pr_TxCWat2r",Tfj<l) 



dependence. From Table A. 6 

// Quality i0=sat liquid or 1 =sat vapor) 

tl Density, kg/m*3 

// Heat of vaporization, J/kg 

// Specific heat, J/kg-K 

// Viscosity, N-s/m*2 

// Kinematic viscosity, m*2/s 

//Thermal conductivity, W/m-K 

// Prandtl number 
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PROBLEM 10.49 

KNOWN: Two vertical plate configurations maintained at 90 : C for condensing saturated steam at 1 
arm: single plate L >: w and two plates each U2 x w where L and w are the vertical and horizontal 
dimensions, respectively. 

FPiD : Which case will provide the larger heat transfer or condensation rate. 
SCHEMATIC: 




ASSUMPTIONS : (1) Negligible concentration of non-condensible gases in the steam. 

PROPERTIES: Table A-6, Saturated water vapor (L atm): T 3at = 100=C, hf g = 2257 kJ/kg; Saturated 
water (Tf = (T s + T 3a i>2 = (90 + 100)°C/2 = 95°C = 36BK): Pf_ = (1/vf) = 962 k&m. iq = 296 x 1 0" 
6 NVm\ k £ =0.<57SW/m-K, c p f = 4212 J/kg-K, v f = =3.08 * 1CT nrVs. 



ANALYSIS: The heat transfer and condensation rates are 

q = "lAs ( T sat - T s ) ™ = 1/ h ig 

where, for the two cases. 

h L iA,i=h u (L)[Lxw] h L>2 A, ;2 =E L>2 (L/2)[2(L/2xw)] 

and the average convection coefficients are evaluated at L and U2, respectively. Hence, 

<ll_ m l _ _ ^L,l(L)[Lxw] _ h u (L) 
12 ™2 h Lj2 (L/2)[2(L/2xw)] h L . 2 (L/2)" 

For laminar film condensation on both plates, using the correlation of Eq. 10.31, with h]_ a L 
qi /q 2 =(L/[L/2])" L '' 4 = 0.E4. 



-1 4 



Hence, case 2 is preferred and provides 16% more heat transfer. 

When Reg = 30 for case 1 with the given conditions, find from Eq. 10.3S 

2 



1/3 



in / s 



0.678 W/m-K 



Continued . 
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PROBLEM 10.49 (Cont.) 



/ \l/3 
^ = 1 .47 ReT 1 3 = 1 



47(30)' 



-1/3 



h L =15,061 W/m-K 
and then from Eq. 10.41, 

nl/4 

Ke !? lis lif„ 



where 



4L(T sat -T s ) 



h fg = hf g 4- 0.68c Pii (T sat - T s ) 

hfcg = 2257kJ / kg + 0.68 x 42 12J /kg ■ K ( 1 00 - 90) K = 22S6kJ / kg, 
30 x 296 x \0' 6 N-s/m 2 * 2286 * 10 3 J/kg 



15.061 W m^-K 
L = 34 mm. 



4L(100-90)K 



We can anticipate for other, larger values of L that the comparison of h^_ values cannot be so easily 
made. However, according to Figure 10.13. we expect the same behavior of in the wavy region 
and anticipate that indeed case 2 will provide the greater condensation rate. Note that in the turbulent 
region with the increase in hj^ with Re^, we cannot conclude with certainty which case is preferred. 

COMMENTS: hi dealing with single-phase, forced or free convection, we associate thin thermal 
boundary layers with higher heat transfer rates. For vertical plates, we would expect the shorter plate 
to have the higher convection heat transfer coefficient. The results of tins problem suggest the same is 
true for condensation on the vertical plate. 
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PROBLEM 10.50 

KNOWN: Number, diameter and wall temperature of condenser tubes in a square array. Pressure of 
saturated steam around tubes. 

FEND: Rates of heat transfer and condensation per unit length of the array. 
SCHEMATIC: 



Sat steam 
p = 0.105 bar, 



OO • ' Q 

q Tube, D = 0.025 m 



O 

O O 



T s = 1 7°C 
N = 25 



O 



ASSUMPTIONS : (1) Laminar film condensation on tubes, (2) Negligible concentration of 
noncondensable gases in steam. 

PROPERTIES: Table A-6. saturated vapor (p &ar = 0.105 bar): T, at = 320 K= 47°C = 0-0715 
kg'm 3 , hf E = 2390 kJ/kg. Table A-6, saturated liquid (Tf = 32°C - 305 K): p ( = 995 kg /m 3 , 
ft f = 76SxHT 6 N-3/m 2 , k ( = 0.620 W: m ■ K, c p i = 417S J .'kg ■ K. 

ANALYSIS: The average heat rate per unit length for a single tube is q} = hp ^- (>tD )(T sat -T g ), 
where lip j< is obtained from Eq. 1 0.4-5. With Ja = cp ( (T sat -T E t ' kfg = 0.052 and hfg = lifg (.1 ~~ 
0.6S Ja) = 1.04 (2.390 x 1Q 6 J/kg) = 2.48 x 10 6 J/kg = 



h DjN = 0.729 



N^(T Mt -T s )D 



: 4 



n D,N 



: 0.729 



9 S m t_ s 2 x 995 kg m 3 ( 995 - 0.07 1 5 ) kg ■ m_ ( 0.62 W / m - K ) 3 2 .48 x 10 6 J ■ kg 
2 5 x 769 x 1 if 6 N ■ s / m 7 ( 30°C ) 0.025m 



] - 



= 3260 W/m- K 



The heat rate per unit length of the array is q' = N qj Hence, 

q' = N 2 h DN (/TD)(T sat -T % ) = 625x32(50 W/m 2 K(^x 0.025m) 3 0°C = 4.79xl0 6 W/m < 
The corresponding condensation rate is 

. , q' 4.79 xlQ 6 W/m . „. .. < 
m= = = 1.93kgv s-m - 

h fg 2.48x10° J /kg 

COMMENTS: Because of turbulence generation due to splashing from one tube to another in a 
vertical column, the foregoing value of lip \j is expected to underestimate the actual value of hrj 

and hence to underpredict the heat and condensation rates. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 10.51 



KNOWN: Tube wall diameters and thermal conductivity. Mean temperature and flow rate of water 
flow through tube. Pressure of saturated steam around tube. 

FEND: (a) Rates of lieat transfer and condensation per unit length, (b) Effect of How rate on heat 
transfer. 

SCHEMATIC: 

Tube wal 
D, = 0.026 m 
D fl = D.03O m 
K a = 15W/m-K 



1 3,0 

Condensate 




Water 

T m = 
m = 0.25 kg/s 



T m = 290 K 



I sat 



ASSUMPTIONS: (1) Negligible concentration of noncondensible gases in the steam, (2) Uniform 
tube surface temperatures, (3) Laminar film condensation. (4) Fully-developed internal flow, (5) 
Constant properties. 

PROPERTIES: Table A-6, water (T m = 290 K): jj = 0.00108 N-s/sn, k = 0.598 W/ml Pr = 7.56. 
Table A-6. saturated vapor (p =0.135 bar): T«t = 325 K = 52°C. p? = 0.0904 kgtof\ hfg = 2378 
kJ/kg. Table A-6.. saturated liquid (Tf as T^t): p f = 9S7kg.'m J : c pl = 4182 J/kg-K, 

p t = 525 -a KT 6 X ■ s / in 2 , = 0.645 W/ m ■ K 



ANALYSIS: (a) From the thermal circuit, the heat rate may be expressed as 
■ _ "^sat ~1m 
Rjp c + R conc j +Rconv 
where, R'cond = [n i D o D i ) ' 2 < T K = 0.00 1 52 m - K / W 

The convection resistance is R/- ouv = (VD;hj . With Repj = 4m/ jtD^/j = 1 1. 336. the flow is 
turbulent and the Dittus-Boelter correlation Yields. 
( k 

\=\ — b 
l°ij 

Hie convection resistance is then 

R conv = 0 D A f l = ( n x 0.026m x 2082 W / m 2 ■ K ) 1 = 0.00588 m ■ K / W 

Tlie resistance associated with the condensate film is Rf c = (/tDqI^) V where h 0 is given by Eq. 
10.45. With C= 0.729, 



(1) 



>023Rek 5 Pr°- 4 = 



O.S98 W / m ■ K | 4 /S 0 .4 _ ^ w _ R 

0.026m } v f y 



] - 



0.729 



9.8 m / s 2 x 987 ( 987 - 0.09 ) kg 2 / m 6 ( 0.645 W / m - X ) 3 hf g 



1/4 



h 0 = 462 



W 3 -kg 
m 8 K 3 s 



: 4. 



52Sx lU^N ■ s / m 2 (325 - T, 0 ) x 0.030m 
1 - 



325 -X 



s.o 



where h fg = h fg + 0.6Sc p! ( ( T sat - T s o ) = 2.38 x 1 0 6 J / kg + 2844 J /kg -K (325 - T s „ ) 

The unknown surface temperamre may be determined from an additional rate equation, such as 

Continued .... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 10.51 (Cont.) 



^cond + -^conv 

Substituting the thermal resistances into Eqs. (1) and (H). an iterative solution yields 
T Sj£> = 321.6K = 48.6°C q' = 4270W/m 

The condensation rate is then 

q r 4270 W/m 



(2) 



m ee::d 



:0 00179kg/sm 



h fg 2.39xlO e J/kg 
The corresponding values of the condensate convection coefficient and resistance are 



h 0 =11380 W/m" -K 



and Rfc, = 0.000793 m-K/W 



Because HC C0DV is much larger than K.^]^ and Rf C7 attention should be paid to reducing the 

convection resistance in order to increase the heat rate. The resistance to heat &ow by convection is 
the limiting factor. 

(b) The effects of varying the flow rate are shown below 




r 

* 

4" 



D 02 D.4 DJS OA 1 1.2 1.4 1.6 1£ 2 
Tube flcvi -ate ;kg,Vi 




D 02 D.4 OJB C.S 1 \2 1.4 1.6 1 A 2 
Tube flew rate Ikgfe) 



Tlie effect of increasing m on q' is significant and is accompanied by a reduction in Tr. : . 

COMMENTS: (1) Use of the THT convection and condensation correlations, as well as its 
temperature- dependent properties of water facilitated the numerical solution. (2) Evaluation of the 
film properties at T 3at is reasonable for part (a), since Tf = (T E 0 + T sa t)/2 = 50.3°C « T 3at . However, 
with increasing m and hence decreasing T s 0r the approximation would become inappropriate. 
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PROBLEM 10.52 



KNOWN: Inner surface of 3 vertical thin-walled container of length L and diameter D experiences 
condensation of a saturated vapor. Container wall maintained at a uniform surface temperature by 
flowing cold water across its outer surface. 

FIND: Expression for the time, tf , required to fill the container with condensate assuming the condensate 
fjl-m is laminar. Express your result in terms of D, L. (T= it - T=), g and appropnate fluid properties. 



SCHEMATIC: 




""-Condensate film 



ASSUMPTIONS: (1) Laminar film condensation on a vertical surface. (2) Uniform temperature 
container wall surface, and (3) Mass of liquid condensate in the laminar film negligible compared to 
liquid mass on bottom of container. 

ANALYSIS: From an instantaneous mass balance on the container. 



. , . dM 
m(t)= — 
dt 

Where m (t) is the condensate rate and the liquid mass m the container, M, is 

M = /^D 2 /4)(L-x) 

The condensate rate fromEq. 10.34 can be expressed as 

m(t') g — hsA^fT^-TQ 

hf g hf g 

where the average film coefficient over the height 0 to x from Eq. 10.31 is, 

-il/4 



h s =0.943 



gP/(p(-A-)k f hf g 



and the surface area over which condensation occurs is 
A s = ,tDx 



(1) 
(2) 
(3) 

(4) 

(5) 

Continued.. 
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PROBLEM 10.52 (Cone.) 



Substituting Eqs (2-5) into Eq. (1). 



0.943 



gp{ {pi - Py )k,hf s 



^(T sat -T S )L 



1/4 ( 

-^(^Dx)^ -T s )/h' % =- A (jrl^A)— © 



Separate variables and identify the limits of integration, 

-il/4 

09 43 Eflj(ft-A-)^ 



/^(T sat -T S )L 



L 1/4 (tfD)^ -T s )^hf g ^ (jtD 2 /4j] 



0 -3/4 



JO Jx=L 



d* 



(7) 

The RHS integrates to 



{x" 4 /(V4)f 



= 4U 



1/4 



(S) 



and solving for tf, 



tf =4 



Lhi 



-g 



0.943 



^{T sat -T S )L 



1/4 



( ff DL)(T^-T s ) 



COMMENTS: Hie numerator and denominator in the bracketed expression are of special significance. 
The numerator is the product of the mass in the filled container and the latent heat of vaporization: that is 7 
the total energy removed by the cold water. What is the physical significance of the denominator? Can 
you interpret the tune- to- fill, tf , expression in light of these terms ? 
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PROBLEM 10.53 



KNOWN: Tube of Problem 10.43 in horizontal position experience* condensation on its outer 
surface. 



FIND: Heat transfer and condensation rates. 
SCHEMATIC: 




(Saturated \^ 



T s =?rc 



Mori*, onfai tu.be t 



ASSUMPTIONS: (L) Laminar film condensation, (2) End effects negligible. (3) Negligible 
concentration of noii-condensible gases in steam. 

PROPERTIES: Table. A-6, Water, vapor (1 atm): T, at = 10G=C p v = 0.596 kgin\ h fg = 2257 kJ/kg; 
Table A-6, Water, liquid (T f = (T s + T^)12 = 370K): p t = 960.6 kg/m 3 , c p t = 42 14 J/kgK, fi ( = 

289 x 10" 6 NVm 2 , k ( =0.679 W/m-K. 

ANALYSIS: From Eq. 10.33 with A = tt D L and Eq. 10.34, the heat transfer and condensation rates 
are 

q = h L (tt D L) (T sat - T s ) m = q / 1% 

where from Eq. 10.27 with J a = Cp i (T sat -T s V hfg, find 

hf E = li fg [l+0.6SJa] = 2257 kJ/k^l - 0.6K^4214J7kg K(100 -94)K/2257xl0 3 J /kg J 



= 2274- 



tJ 

I — . 



For laminar film condensation, Eq. 10.45 is the appropriate correlation for a cylinder with C = 0.729, 

nl/4 



h D =0.729 



Ik, h 



fg 



f*i (Tsat _ T s ) D 



h D = 0.729 



g.Bm / s' k 960.6kg / m J ( 960.6 - 0.596) kg J w. 1 (0.679 \y / in - K) 3 x 2274 x 1Q 3 J /kg 
289 x 10" 6 N ■ s fm 2 (100 - 94 )K x O.lin 



1 - 



h D =10,120 W.'m -K. 
Hence, the heat transfer and condensation rates are 

q = 10,120 W/m 2 -K(ffxG.lnixkn)(100-94)K = 19.1kW 

in = 19 .1 x 1 0 3 W / 2274 x 10 3 J/kg = 8.39 x 10 -3 kg / s_ 



< 
< 



COMMENTS: A comparison of the above results for the horizontal tube with those for a vertical 
tube (Problem 10.43) follows: 



Position 



h|w/tn 2 -k] 



q(kW) 



ixi-10 (kg/'s) 



Vertical 
Horizontal 



8,530 
10.120 



16.0 
19.1 



7.1 
8.39 



The rates are higher for the horizontal case. Why'' 
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PROBLEM 10.54 



KNOWN": Horizontal pipe passing through an air space with prescribed temperature and relative 
humidity. 

FEND: Water condensation rate per unit length of the pipe. 
SCHEMATIC: 



Amhier>-h ait n t 

ez 



£~ Pipe, D- 2.5mm 

— gj ~ 



ASSUMPTIONS : (1) Lanunar film condensation occurs on horizontal tube. 

PROPERTIES: Table A-6 7 Water, vapor (T x = 37°C = 3 10K): p^aat = 0.06221 bar; Table A-6, 
Water, vapor (p A = □ ■ p A _ sa - = 0.04666 bar): T A . gat a 305 K, p v = 0.04 kg/in 3 , h fg = 2426 kJ/kg, Table 
A-6._ Water, hquid (T f = (T 5 + 1p LV $2 = 297K): /? f = 997.2 kg/m\ c p f = 4 1 80 J/kg-K, =917 

x 10" 6 N s/ra 2 , k f = 0.609 W/rn K. 

ANALYSIS: From Eq. 10.34. the condensate rate per unit length is 
m ,_ q r _ M^P)(T sat -T s ) 



where, from Eq. 10.27, with Ja = c p ( (T ut - T, }/ h fg= 
kf g = h fg [l + 0.68 e?rf (T sat - T 5 ) / h fg ] = 2426^ 



J ; J 1 

1 + 0. 65x41 SO (305- 2SS)K." 2426x10 — 

kg-K kgj 



hjg = 2474 kJ/kg. 

Note that T 3at = T A sa t is the saturation temperature of the water vapor m air at 3 7°C having a relative 
humidity ip = 0.75. That is, = 305K while T, = 15°C = 2S8K. Assuming laminar Sim 
condensation on the horizontal pipe, it follows fromEq. 10.45 that, 



h D =0.729 



/'f( T sat- T s} D 



1/4 



h D = 0.723 



9.8 m / sT x 997.2 kg / in 3 (997.2 - 0.04) kg ■■' in" ( 0.609 W / in - K) 3 x 2474 x 10 3 J / kg 
917 x lO^N s / n? {305 - 28S)K x 0 025m 



1/4 



h D =7925 W / m ■ K. 
Hence, the condensate rate is, 

m' = 7925 W / m 2 ■ K (x x 0.025m) (305 - 288) K / 2474 x 1 0 3 J / kg 

ru'=4.2BxlG _3 kg/Vm. 
CO>DIENTS: Tlie actual dropwise condensation rate exceeds the foregoing estimate. 
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PROBLEM 10.55 

KNOWN: Horizontal tube. 50mm diameter, with surface temperature of 34 C C is 
0.2 bar. 

FEND: Estimate the heat transfer and condensation rates per unit Length of the tube. 
SCHEMATIC: 



to steam at 




X = 34°C =307K 



Tube, V=SOtt, 



AS SUMPTIONS : (L) Laminar fikn condensation, (2) Negligible non-coiidensibles in steam. 

PROPERTIES: Table. A-6, Saturated steam (0.2 bar): T ut = 33 3K, f\- =0.129 kg/m J , hf g = 2358 
klkg; Table A-6, Water, liqmd (T f = (T, + T ;at >2 = 32 OK): p t = 989.1 kg/m 3 , c p f =4180 J/kg-K 

= 577 x 10" 6 N-s/m 2 , k^ =0.640 Wm-K. 

ANALYSIS: From Eqs. 10.33 and 1 0.34, the heat transfer and condensate rate? per unit length of the 
tube are 

q' = h D (ffD)(T sat -T s ) m' = q'/hfe 

where from Eq. 10.27 with Ja = Cp ^ (T iat - T s ) / lif^, 

hjf g = hf g [1 + 0.68 Ja] = 2358— + 0.68x 4180 J/kg ■ K| 333 -307)K .'235Sxl0 3 J/kg 

kg L 

h fg = 2432 kJ/kg. 

For laminar film condensation, Eq. L 0.45 is appropriate for estimating lijj with C = 0.729, 



h D =0.729 



EPiQ?f-Py) k f 11 fg 



^(Tsat-TsjD 



1/4 



h D = 0.729 



9.8m; s" x9S9.1 kg/m (989.1- 0 i29)kg/m (0.64QW/m K) x 2432x10 J/kg 



1/4 



577xl0 _6 jr-sy , m 2 (333 -307)Kx 0.050m 



h D = 6926 W/m- K. 
Hence, the heat transfer and condensation rates are 

q' = 6926 W/m 2 - K(,tx 0.050m)(333 -307)K = 28.3kW/m 

m' = 28.3xlO 3 W/m/2432xl0 3 J/kg = 1.16k 10" 2 kg/s m. 



< 
< 
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PROBLEM 10.56 

KNOWN: Horizontal tube lm long with surface temperature of 70°C used to condense steam at 1 
bar. 

FIND: Diameter required for condensation rate of 125 kg/h. 
SCHEMATIC: 

'lube, L =lm r D 

7~- 70"C = 343K- 

Steam, la+m 




ASSUMPTIONS : (L) Laminar film condensation, (2) Negligible non-coiideusibles in steam. 

PROPERTIES: Table. A-6, Water, vapor (1 atm): T 5at = lCWC, ^ = 0.596 kg/m 3 . h fe = 2257 kJ/kg; 

3 

Table A-6.. Water, liquid (T f = (T 5 + T^fl = 358K): p { = 96S.6 kg/m , c p t = 4201 J/kgK, p t = 
332 x 10" 6 N-s/mV t ( = 0.673 W/tn-K. 



ANALYSIS: From the rate equation. Eq. 1 0.34, with A = it D L, the required diameter is 
D = rh hfg / 71 L hrj (T sat - T & ) 

where from Eq. 10.27 with J a = Cp ( (T sat — T s ).' kfg, 



(1) 



hf a =h fg (l + 0.68Ja) = 2257 



kg 



1 + 0.68 



4201J/kg-Kx(100-70)K > 
2257 xlO 3 J /kg 



= 2343kJ7kg. (2) 



Substituting numerical values. Eq. (1) becomes 

D = -^-^ x 2343 xl 0 3 — / x x lmx h D (100 - 70 ) K = 863.2 h^ 1 . 
3600 s kg D 

The appropriate correlation for hp is Eq. 10.45 with C = 0.729, 



h D = 0.729 



EP({P( -Px)k) 11 fg 
/^i T sat- T 0 D 



1/4 



(3) 



(4) 



Substitute Eq. (4) for hp into Eq. (3) and use numerical values. 
863.2 D _1 = 0.729x 



S.Bm.V *968.6kg/m 3 {96B.6-D.596)kg/m 3 (0.673 W/mK) 3 :<2343xl0 3 J/kg 



1/4 



863.2 D 1 =3693.4 D' 



332x10 6 N-s/m 2 (l00-7O)KxD 
-1/4 



D = 0. 144 m = 1 44rum. 
C OMMENTS: Note for this situation Ja = 0.06. 
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PROBLEM 10.57 



KXOWN": Saturation temperature and inlet flow rate of refrigerant. Diameter, length, and 
temperature of tube. 



FEND: Rate of condensation and outlet flow rate. 
SCHEMATIC: 



T a = 290 K 



m Vil = 0.01 kg/s 



-> - 




Ref. vapor" 
T sat = 310 K 



Condensate 



D = 0.03 m 



L =0.8 m 

AS S~0 IPTIOXS : ( L ) Negligible concentration of noncondensables in vapor. 

PROPERTIES: Given., R- 1 2. saturated vapor (T^., = 3 1 0 K): p v = 50. 1 kg/m 3 , = 1 60 kJ/kg, i\, - 
150 x 10"'' Ns/m\ Sanitated liquid (T f = 300 K): p { = 1306 kg/m 3 , c pJ = 97& l! kg ■ K : 

\i ( = 0.0254 * 10~ 2 X ■ s, ■ m V k ( = 0.072 W/ m ■ K R- 1 34a. saturated vapor (T :a1 = 310 K): p? = 46. 1 
kg/ml hfg = 166 kJ/kg, u. v = 136 x 10" 7 N-sVm 2 . Table AJ: R-134a. Saturated hquid (T f = 300 K): 
= 1199.7 ta/ in 3 , c p ( = 1432 L'kg ■ K, t i f = 0.01905 x 10~ 2 N -s/ in 2 : k f = 0.0803 W /m -K. 



ANALYSIS: For R-12 : The Reynolds number associated with the inlet vapor flow is 
Re. 



4m vl /xDfi v = 0.04 kg /s/^x 0.03 mxlSOxlO 7 N-s/m 2 = 23,290 < 33,000. Hence, the 



average convection coefficient may be obtamed from Eq. 10.47, where 

hfg = h fg + 0.375c p _ f (T, at -T £ ) = (1.6 x IQ 3 - 0.375 x 97S x 20) JVkg = 1.67 x 10 3 J/kg. 



. 0.55; 



.... !D 



9.3 m 
- 0.5S5 



b- 1 Xlioekg.'m 3 (1306- 50.1 ) kg fm 3 ( 0.O7I Wfm-K'f 1.67 *1Q S J/i| 
0.0254 * 10 N-s/m xJOKi 0.<B m 



i 4 



h D = 889 W/ in" K 
The heat rate is then 

q = ,TDLh D (T^ - T s ) = x 0.03 m x 0.8 m x SS9 W / m 2 ■ K x 20 K = 1 340 W 
and the condensation rate is 

q 1340 W nnnoni . 

m cond = 77" = r = 0.00S0 kg s 

11 fg 1.67 xlO 5 



The flow rate of vapor leaving the tube is then 

m v o = m v t - iii CO nd =(0.0100 -0.0080) kg / s = 0.0020 kg / s 



< 

Contmiied. 
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PROBLEM 10.40 (Cont.) 



Repeating the analyst for R-134a, we find that h D = 1007 W/m 2 ■ K , q = 1520 W , 

m cond = 0.0086kg / a . and rh v 0 = 0.00 14 kg /s . < 

COMMENTS: The behavior of the two refrigerants is comparable since the properties are 
similar . and R-134a could replace R-12 in many applications. The R-134a provides somewhat 
higher heat transfer and condensation rates in this application. 
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PROBLEM 10.58 
KNOWN: Array o£ condenser tubes exposed to saturated steam at 0.1 bar. 

FIND: (a) Condensation rate per unit length of square array, (b) Options for increasing the condensation 
rate. 



SCHEMATIC: 



Saturated steam, 
0.1 bar 



-D = 8 mm, N ( = 100 tubes 

ASSUMPTIONS: (1) Film condensation on tubes, (2) Negligible non-condensable gases in steam. 

PROPERTIES: Table A 6, Saturated water vapor (0.1 bar): ss 32.0 K, p, = 0.072 kgW, hjg = 2390 
kJ/kg; Table A.6, Water, liquid (T f = (T 5 + T sal )/2 = 310 K): p ( = 993 1 kg'm 3 , c p j = 41 78 J/kg-K, fi f 

= 695 x lO^N-s/m 2 , k f = 0.628 W/m-K. 

ANALYSIS : (a) From Eq. 10.34, the condensation rate for a N xN square array is 
m' = m/L = h D>N - N t (ffD)^ - T s )/hf g 

where kpj jc" is the average coefficient for the tubes m a vertical array of N tubes. With Ja = Cp £ AT/1% 

= 4178 J/kg-K x (320 - 300)K/2390 x 10 3 J/kg = 0.035, Eq. 10.27 yields hf g = h :f (l + 0.6S Ja) = 2390 

kJ..kg(l - 0.68 x 0.035) = 2447 kJ/kg. 

For a vertical tier of N = 10 horizontal tubes, the average coefficient is given by Eq. 10.46, 

nl 4 



h D,N = °- 7 - 9 



hrj.x = 0.729 



NAt(T Bat -T B )D 

9.8 m/ s, 2 x 9°i. 1 kg/ in 3 (993.1 - 0.072 }kg/ m 3 (0.625 W/W K) 3 x 2447 x!0 3 j/kg 



1 - 



h DX = 6210W / m2 - K - 



10 x 695 x N ■ s/m 2 (320 - 300)K x O.OCSi 



Hence, the condensation rate for the entire array per unit tube length is 

m' = 6210 w/m 2 - K(100)tf x 0.008 m (320 - 300) k/ 2447 xlQ 3 J/kg 

in =0.128 kg/s m = 459 kg/h m < 

(b) Options for increasing the condensation rate include reducing the surface temperature and/or the 
number of tubes in a vertical tier. By varying the temperature of cold water flowing through the tubes, it 
is feasible to maintain surface temperatures in the range 280 < T ; < 300 K. Using the Correlations and 
Properties Toolpads of IHT. the following results were obtained for N = 10, 5 and 2. with N r = 100 in 
each case. The results are based on properties evaluated at p = 0.1 bar, for which the Properties Toolpad 
yielded T ;a: = 318.9 K. 



Continued.. 
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PROBLEM 10.58 <Cc,nt.) 




Clearly, there are significant benefit associated with reducing both T= andN. 

COMMENTS: Note that, since hp sc N~" 4 , the average coefficient decreases with increasing N due 
to a corresponding increase in the condensate film thickness. From the result of pan (a), the coefficient 
for the topmost tube is h D = 6210 W7m 2 -K(lO) l:1 = 1 1,043 W/nr-K. 
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KNOWN: Thin-walled concentric tube 
steam. 



PROBLEM 10.59 

for heating deionized water by condensation of 



FEND : Estimate*, for convection coefficients on both sides of the inner tube. Liner tube wall outlet 
temperature. Whether condensation provides fairly uniform inner tube wall temperature 
approximately equal to tlie steam saturation temperature. 

schematic: 




T mJ .40°C 
m=Skgfs 



ASSUMPTIONS : (1) Negligible thermal resistance of inner tube wall, (2) Internal flow is fully 
developed. 

PROPERTIES: Deionized water (given): p = 982.3 kg/m 3 , = 4181 J/kgK, k = 0.643 W/m-K. \x = 
548 x 10" N sv'm", Pr = 3.56; Table A-6. Saturated vapor {1 atm): T sat = 10G°C, p v = (l/vg) =0.596 
kg/m 3 , hf g = 2257 kJ/kg; Table A-6, Saturated water (assume T s ps 75°C, Tf = (75 + 10O)°C/2 = 360K): 
Pt =(l/vf) = 967 kg/m 3 , f i ( = 324x lO^N-s/m", k t = 0.674 W/m-K, c p f =4203 J/kg-K 

ANALYSIS: From an energy balance on the inner tube at the outlet assuming a constant wall 
temperature, 

h c (Tsat - \o ) = ^1 (\o ~ T m : o ) 
where h c and hj are. respectively, the heat transfer coefficients for condensation (c) on a horizontal 
cylinder and internal (i) flow in a tube. 
Condensa ttoti . From Eq. 1 0 .4 5 , for the horizontal tube, 

-1 4 



h c = 0.729 



MT,at-T s )D 
where hjf g = hf g |l - 0.68c p £ [ T sat - T s ) / h fg } 

hfg =2257 kJ / kg |l + 0.68x4203 J/kg-K(100-T s )/2257xl0 3 J/kgj 
h fg =2257 kJ/kg|l+1.266xlO -3 (100-T S )| 
h c = 0.729^9.8 m / s- x 967 kg / m 3 (967 - 0.596)kg / m 3 (0.674 W / m ■ K ] 3 x 

225 7 |l + 1 .266 x 1Q~ J (100 - T & ) jkJ / kg / 324 x 1 0~ 6 N ■ s / m 2 (100 - T & ) 0.030 m 



Continued 
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h c = 1071 ■ 10 H 



PROBLEM 10.59 (Cont.) 

ni '4 



1 + 1.266x10 J (100-Tj 



Internal flow. From Eq. S. 6, evaluating properties at J m , find 
4m 4x5kg/s 



= 3.S72xlO J 



R-?i: - r - 

WiD x x 548 x 10~°N - s / m z x 0.03 0 m 

and for turbulent flow use the Colbum equation, 
Nu D =^=0.023Re^Pr 1/3 

h;= 3.872 xlG 5 (3.56) = 2,22x1 0 4 W/m-K. 

1 0.03 m V k ; 

Substituting numerical value* into the energy balance relation. 



2.071x10" 



1 + 1.266x10 J (100-T s>o ] 



100 -X 



1/4 



(100-T SO )K 



= 2.22 x 1 0 4 W / m 2 ■ K (T s 0 - 60) K 



and bv trial-and-error. find 
T so »71.6-C. 

With this value of T E , find that 



h c = 9050 W/nr -K 



which is approximately half that for the internal flow. Hence, the tube wall cannot be at a uniform 
temperature. This could only be achieved if h^. = hj . 
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PROBLEM 10.60 

KNOWN: Heat dissipation from multichip module to saturated liquid of prescribed temperature and 
properties. Diameter and inlet and outlet water temperatures for a condenser coil. 

FIND: (a) Condensation and water flow rates, (b) Tube surface inlet and outlet temperatures, (c) 
Coil length. 

schematic: 

FC vapor. 
£,O.01m^ T sat = S7 a C 

t^zssk £ =^ 

ASSUMPTIONS: (1) Steady-state conditions since rate of heat transfer from the module is balanced 
by rate of heat transfer to coil, (2) Fully developed flow in tube, (3) Water is. incompressible liquid 
with negligible viscous dissipation. 

PROPERTIES: Saturated fluorocarbon (T sat = 57°C, given): k ( = 0.0537 W/m-K, c pJ = 1100 
J/kgK, h^ * h fe = S4 : 400 J/kg. p f = 1619.2 kg/m 3 , p v = 13.4 kg/m J , a = 8.1 x 10~ 3 kg/s 2 ^ = 
440 x 10" 6 kg/m-s : ?i ( = 9: Table A-6, Water, sat. liquid (f m =300K) : p = 997 kg/m 3 , c p = 4179 
J/kgK, u = 855 x 10" 6 N-s/m 2 , k = 0.613 Wii R, Pr = 5.S3. 
ANALYSIS: (a) With 

1 = ( ( l ffxA )module =1 ° 5 W/m 2 (0.1m) 2 =10 3 W 
the condensation rate is 

q 10 3 W 

kjg ~ 84, 400 J/kg 

and the required water flow rate is 



^con =T7- = TTT^TT-r- = 0.01 18 kg /s 



- 1000 W -7.9SxlO- 3 kg/, 



Cp(T m , 0 -V t ) 4179 J/kg -K(30K) 

(b) The Reynolds number for flow through the tube is. 

D 4 m 4x7.98xKT 3 kg/ S 

Rej5 = = — : T = 1188. 

,tD// ff (0.01 m)855xlO^N-&/m 2 
Hence, the flow is laminar. Assuming a uniform wall temperature, 

hj = Nu D k / D = 3.66 ( 0.6 1 3 W .' m - K / 0.0 1 m ) = 224 W / m 2 ■ K. 



Continued . 
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PROBLEM 10.60 (C out.) 

For film condensation on the outer surface, Eq. 1 0.45 yield; 



h 0 =0.729 



9.8m/s 2 |l6 19.2 kg .' m 3 ] f 1 605.8 kg / in 3 J ( 0.053 7 W / m ■ K ) 3 84, 400 J / kg 



1/4 



440k 10 6 kg/in -sxO.01 m(T Mt -T s ) 



h 0 = 2150(57 -T s ) 1/4 . 
From an energy balance on a portion of the tube surface, 
h o ( T sat - T s ) = n i ( T s - T m) 

or 

2150(57-T s ) J/4 = 224(T,-T m ) 
At the entrance where (l m i = 2S5K) : trial-and-error yields: 

T s ^ = 50 6°C 
and at the exit where (l m o =315K), 

We use an average value of T ; : - S3°C in the following, 
(c) From Eqs. 8.43 and 8.44, 

L = 



where 



= ^-VQ-^-Vo) 4i-ii = 22 goc 

ln[(T s -V 1 )/(T s -V 0 )] ln(41/ll) 



1000 w 

= 6.2 3 m. 



(224 W m 2 -K i,7[0.01 rn)22.8°C 

COMMENTS: Some control over system performance may be exercised by adjusting the water flow 
rate. By increasing irii. ( T^,, -T m 1 ) is reduced for a prescribed q. The value of 1^ is increased 
substantially if the internal flow is turbulent. 
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PROBLEM 10.61 

KNOWN: Saturated ethylene glycol vapor at 1 ami condensing on a sphere of 100 mm diameter 
having surface temperature of 150 c C. 

FEND: Condensation rate. 

SCHEMATIC: 

Sphere, D=JOOmm } 
T^I5CTC'4Z$K 




ASSUMPTION'S : (L) Laminar film condensation, (2) Negligible non-condensibles m vapor. 

PROPERTIES: Table A- S, Saturated ethylene glycol, vapor (1 atm): T^t = 470K, p v * 0 kg/m J , hf g 
= 812 kJ/kg, Table A-5, Ethylene glycol, liquid (T f = 423K, but use values at 373K, limit of data, in 
table): p, = 1058.5 kg/m , c p , = 2742 J/kgK, it ( =0.215 * 10~ 2 N-s/m 2 . k { =0.263 W/m-K. 

ANALYSIS: The condensation rate is given by Eq. 10.34 as 
q h L (^D 2 )(T sat -T,) 



where A = it D for the spliere and lil- s , with Ja = c p i AT ' hf a , is given by Eq. 1 0.27 as 

hL = k f „ ( 1 ■+- 0 .68 Ja ) = 8 1 2 — I 1 ■+- 0.68 x 2742 — ^— ( 470 - 423 ) K / 8 1 2 x 1 0 3 J / kg 1 = 90Q kJ / ks?. 

kg I kg K ) 

The average heal transfer coefficient for the sphere follows from Eq. 1 0.45 with C = 0.8 1 5. 

-,1/4 



h D = 0.826 



SP{ {Pi~ Pv) k £ h fg 
Af(T sat -T 5 }D 



9.8m/ s 2 x 1058.5 kg / m 3 (1058.5 - 0) tg/ m 3 (0.263 W / m ■ K) 3 x 900 x 10 3 



-1 - 



0.215 x 10 N-s/m" (470 -423)Kk0.1 00m 

h D =1696 W/m 2 K. 
Hence., the condensation rate is 

m = 1 696 W / m 2 - Kx,T(0.100m) 2 (470 - 423) K / 900 x 10 3 J/kg 

m = 2.78xl0~ 3 kg/s. < 

COMMENTS: Recognize this estimate is likely to be a poor one since properties were not evaluated 
at the proper T : - winch was beyond the limit of the table. 
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PROBLEM 10.62 



KNOWN: Copper sphere of 10 nun diameter, initially at iO^C, is placed in a Large container filled 
with saturated steam at 1 atm. 

FIND : Time required for sphere to reach equilibrium and the condensate formed during this period. 
SCHEMATIC: 

•Copper sphere^ *D- 10 mm 

T s (0)=T r -SOX 

si r ■ ' ' * 




I' ft) NwA^-^j 



ASSUMPTIONS : (1) Laminar film condensation, (2) Negligible non-coudensibles in vapor. (3) 
Sphere is spacewise isothermal, (4) Sphere experiences heat gam by condensation only. 

PROPERTIES: Table A-6, Saturated water vapor (1 atm): T, at = 100°C, pv = 0.596 kg/in 3 , hf g = 
2257 kJ/kg; Table A-6, Water, liquid (T f * (75 + lOOfOl = 36GK): p f = 967. 1 kg/m 3 , c p _ { = 4203 

J/kgK, fii = 324 x 10" 6 N-s/m 2 , k f = 0.674 W/m-K: Table A- L Copper, pure (T = 75°C ) : p^ P = 

8933 kg/m 3 , Cp^, = 389 J/kg-K 

ANALYSIS: Using the lumped capacitance approach, an energy balance on the sphere provides, 
^in — ^out = Est 



m h'f g = h D A s ( T sat - T & ) = p Hp c p sp V s 



dt 



(1) 



Properties of the sphere, p ip and c F , 3 p, will be evaluated at T g = ( 50 + 100 )°C l 1 = 75°C ; while water 
(liquid) propenies will be evaluated at f f = (T s + T sat ) / 2 = S7.5°C = 360K. From Eq. 10.27 with Ja = 



c p / AT / h fe where AT = Tsat - T, , find 



kJ 



J 3 
4-203 >:(10O-75)K.-2257 xl0 J J.'kg 

kg-K ' 



= 232S — . (2) 
ks 



life =]i fg (l-0.68Ja |= 2257 — ^1 + 

To estimate the time required to reach equilibrium, we need to integrate Eq. (1) with appropriate 
limits. However, to perform the integration, an appropriate relation for the temperature dependence of 
hp needs to be found. Using Eq. 10.45 with C = 0.826, 



/^(T sat -T S )D 
Substitute numerical values and find. 



h D =0.826 



1/4 



n D = 



0.S26 



9.3 m.' s. 2 x 967. lkg .■ m 3 (967.1 -0.596) kg /in 3 (0.674 W . : m K) 3 x 2328 x!0 3 J/ kg 



nl/4 



324 x 10 6 N - s :' m 2 (T slt - T, ) x 0.01 Oai 



h D= B ( T s a t- T si' 



-1/4 



.3/4 



;-here B = 3 1, 120 W / m - (K ) J ' . (3) 

Continued 
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PROBLEM 1 0.6£:i> 

— - 1 3 2 

Substitute Eq. (3) into Eq. (1) for hpj and recognize v s /A, = — ,tD ;,tD" = D .■' 6, 

B(T sat -T s ) _1/ 4 (T Mt -T B ) = Ap c p , S p (D / 6)^-. (4) 

Note that d(TJ = - d(T sat - T,), letting AT = T, at — T, and separating variables, the energy balance 
relation has the form 

rt Vp^,4Td(AT) 

Jo dt " B Hat 3 ' 4 

where the limits of integration have been identified, with AT 0 = T, at -Tj and T; = T,(Q). Performing 
the integration, find 



Ap c p,sp( D/6 ) 1 



AT 1/4 -ATo /4 
B 1-3/4 L 0 

Substituting numerical values -with the limits, &T = 0 and AT 0 = 100-50 = 50°C, 
.3 . 



g..-o3 kg/ 1 n 3 x3B9J:-kg.K(0.010tn/6) ^ r p 1/4 4 i 1; 

31,120 W/m--K 3 ' 4 



t = 2.0s. 



To determine the total amount of condensate formed during this period, perform an energy balance on 
a time interval basis, 

I^in — E ou t. = = Egjjaj — Ejnitial 

E in = ftp ^p.sp V(T flllal - T lmtlal ] (6) 

where Tfj ul ; = T- lt and Ti a j, la i = Tj = T,(0). Recognize that 

E in =Mti ig (7) 
where M is the total mass of vapor that condenses. Combining Eqs. (5) arid (7), 

M = ^-[T Mt - Tl ] 
h fg 

M _ S933kg/m 3 x389J/kg-K(,T/6)(0.010m) 3 
2328 xlO 3 J/ kg 

M = 3.91xl0~ 5 kg. < 
COMMENTS: The total amount of condensate could have been evaluated from the integral, 

M = p.* = ( 1 JL* = f 5 D A -( T ^- T 0 dt 
■'0 J 0 h^ g J 0 hf g 

giving the same result, but with more effort. 
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PROBLEM 10.63 

KNOWN: Saturated steam condensing on the inside of a horizontal pipe. 

FES'D: Heat transfer coefficient and the condensation rate per unit length of the pipe. 

SCHEMATIC: 






D- 7S"mm 
Condensate 



ASSUMPTIONS : (L) Film condensation with low vapor velocities. 

PROPERTIES: Table A-6, Saturated water vapor (1.5 bar): T 3at * 3S5K r p v = 0.88 kg'm J , h fg = 
2225 kJ'kg; Table A-6, Saturated water (Tf = (T 3at + T,)/2 % 3S0K): ft = 953.3 kgim , c p _ ( = 422(5 

J/kgK, ^ = 260 x 10"* N-s/rrf, k f = 0.683 W/m-K. 

ANALYSIS: The condensation rate per unit length follows from Eq. 10.34 with A = rr D L and has. 
the form 

m — 

m ' = Y = h D (' tD K T sat - T s ) ■■' h 'fg 
where hp is estimated from the correlation of Eq. 10.47 with Eq. 10.48,. 



h D =0.555 



^( T sat-T S )D 



1/4 



where 



% = hf g +|c p/ (T SElt -T,) = 2225.10 3 ^ + ^4226^(385-373)K 



kg-K 



hj-g = 2244kJ / kg. 



Hence. 



hrj =0.555 



9.Sm/s 2 x953.3^(953.3- 0.88)^ (0.683 W/m-K) 3 2244 x 1 0 3 J / kg 



1/4 



m 



260x10 6 N-&/m 2 (3S5-373)KK 0.075m 



h D = 7127W/m 2 K. 
It follows that the condensate rate per unit length of the tube is 

m' = 7127W/m 2 -K(vTxO.O75tii)(385-373)K/2224xlO 3 J/kg = 9.0KlO _3 kg,-sm. < 
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PROBLEM 10.64 



KNOWN: Inner and outer diameter of brass tube. Thickness of Teflon coating. Saturated 
steam at 1 bar outside tube. Convection coefficient and mean temperature of water flowing inside 
tube. 

FIND : Condensation convection coefficient. Steam condensation rate per unit length. 
Comparison with condensation rate for uncoated brass tube. 



SCHEMATIC: 

Teflon coated 
Brass tube 



D; -16.5mm 

L = 0.1 mm 

Wafer, T m *30°C 




ASSUMPTIONS: (1) Drop wise condensation. {2) Correlations for a copper surface can be 
applied to Teflon, and (3) Negligible effect of noncondensable vapors. 

PROPERTIES: Table A.6, Water vapor (0.1 bar): T sat = 318.9 K, = 2393 x 10 3 I/kg; Table 
A.l, Brass (T = (T m + T Mt ) / 2 = 30OK) : t D =110 W/ni -K ; Table A. 3, Teflon (T * 300 K); k, = 

0.35 W/mK. 

ANALYSIS: Tlie condensation rate per unit length follows from Eq. 10.34 written as 

rn'=q7lij g (1) 

where the heat rate per unit Length follows from Eq. 10.33 using an overall heat transfer 
coefficient 

where P is the perimeter. From Eq. 3.3 L with resistances for the brass tube and Teflon coating, 

ln[(D 0 -2L)..'D 0 ] , ln(D 0 /Dj) , 1 



UP = 



- + - 



-+- 



h 0 7U.(D 0 + 2L) 27lk t 27ck b K^i 

The outer heat transfer coefficient h*, = h d[ . can be calculated from Eq. 10.49, 



Thus 
UP = 



h Ac =51,104 + 2044T S3t ( 3 C) = 51,104 + 2044(31 9.9 -273) = 144. 900 W/irr -K 

I ln(19.2/19) 

144, 900 W / m 2 ■ K x ji(1 9.2 x 1 0" 3 in) 2n ^ 0.35 W / m - K 

T-1 

ln(19/16.5) 1 



- 



2 ji x 1 10 W / m ■ K 5200 W/ m 2 - K x x(\6.5 x 1 0 3 m) 



Continued. 
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PROBLEM 10.64 (Cont.) 



UP = ^1.14x10^ + 4.76 xlO 3 + 2.04x10^ + 3.71x10 3 ] ' W/m-K = 114W/m K. 
Combining Eqs. (1) and (2) and substituting numerical values (see below for hf g ), find 
m' = UP ( T^ aT - T m ) / hf g = 1 14 W / m ■ K ( 3 1 8.9 - 303) K / 2393 x 1 Q 3 J / kg 

m' = 7 56 xlO^kg/s. < 

COMMENTS: (1) Since the outer convection resistance is small relative to the sum of the 
remaining resistances, T Si0 * T Mt and from Eq. 10.27, h^ ~ hf g . (2) The Teflon coating induces a 

21 -fold increase in the condensation convection coefficient. However, the condensation rate 
decreases by 25 percent. This is because of the significant conduction resistance posed by the 
thin Teflon coatmg. (3) In addition to the conduction resistance, a contact resistance would exist 
at the Teflon-brass interface as well as constriction resistances at the droplet-Teflon interfaces, 
further reducing the condensation rate. 
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PROBLEM 10.65 

KNO\l>~: Horizontal pipe passing through an air space with prescribed temperature and relative 
humidity. 

FESD: Water condensation rate per unit length of pipe. 
SCHEMATIC: 




7mm 



ASSUMPTIONS : (1) Drop- wise condensation, (2) Copper tube approximates well promoted surface. 

PROPERTIES: Table A-6, Water vapor (T x = 37°C = 3 10K): p^ = 0.06221 bar, Table A-6._ 
Water vapor [p A = o-p a .r at = Q. 04666 bar): T Mt = 305K = 32°C, h fg = 2426 kJ/kg; Table A-6.. Water, 
liquid (T f = (T 6 - T sat ]/2 = 29 7K): c p t = 4 ISO J / kg - K. 

ANALYSIS: From Eq. 10.34. the condensate rate per unit length is 
q ' h L (tfD)(T ssrt -T s ) 



hfg % 



where from Eq. 10.27. with J a = c p f ( T 5at - T 5 ) / hf B , 

hig= hf g [l + 0.68Ja] = 2426— [1 + 0.68x4180 J/ kg- K (305 -288) K/ 2426kJ/ kg] 

kg ~ 

h^ g =2474kJ/kg. 

Note that T 3at is the saturation temperature of the water vapor in air at 37 ; C having a relative 

humidity, ()> = 0.75 . That is, T sat = 305K and T 5 = 1 5°C = 288K. For drop-wise condensation, the 
correlation of Eq. 10.49 yields 

h dc = 51,104 + 2044T sat 22°C <T sat < 100°C 

— 2 
where the units of kj c and T M t are W/m K and °C. 

hdc =5 1,1 04 + 2044 (32°C) = 116, 5 10 W/m 2 K. 
Hence, the condensation rate is 

m' = 1 1 6, 510 W / m 2 - K (xx 0.025m)(305 - 288) K / 2474 x ID 3 J / kg 

m' = 6.288 xlO -2 kg/ s-m < 



COMMENTS: From the result of Problem 10.54 assuming laminar film condensation, the 

condensation rate was ih'^] m = 4.2S 
assuming drop- wise condensation. 



_3 

condensation rate was ih'^ m = 4.2S x 10 ' kg .' ■ m which is an order of magnitude less than for the rate 
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PROBLEM 10.66 



KNOWN: Beverage can at 5°C is placed ill a room with ambient air temperature of 32 S C and relative 
humidity of 75%. 

FIND: The condensate rate for (a) drop- wise and (b) film condensation. 
SCHEMATIC: 



T w = 32 D C 
000= 75% 



Beverage can 

T s = 5°C 

D = 65 mm 

_ - \2.: ii -i 

Drop-wise or film 
condensation 



ASSUMPTIONS: (1) Condensation on top and bottom surface of can neglected. (2) Negligible non- 
condensibles m water vapor-air. and (b) For film condensation, film thickness is small compared to 
diameter of can. 

PROPERTIES : Table A-6, Water vapor (T~ = 32°C = 305 K): PA.sat = 0-04712 bar: Water vapor 
(PA - fpA^t = 0.03534 bar): T Mt * 300 K = 27°C, hf g = 243S kJ/kg: Water, liquid (Tf = {Ts + T sat )/2 
= 289 K): c p t = 41 85 J/kg-K. 

ANALYSIS: From Eq. 10.34. the condensate rate is 

q hf,TDL)('T S at-T s ) 

m=— — = ; 

hfg h fg 

where from Eq. 10.27. with J a = Cp { (T 5a t - T 3 )/hf E , 

h^=h fg [l + 0.68 Ja] 

h' fg = 2438 kJ / kg F 1 - 0.68 < 4185 J /kg ■ K (300 - 278) K / 2438 kJ / kg] 
h' fg = 2501 kJ/kg 

Note that T 3a t is the saturation temperature of the water vapor in air at 32 S C having a relative humidity 
of 4)00 = 0.75. 

(a) For drop-wise condensation, the correlation of Eq. 10.49 with T^t = 300 K = 27 D C yields 

h = h dc = 51,104 + 2044 T sat 22°C<T sat <100 C C 

— -2 — 

where the units of hj c are WVnf -K and T M - are S C. 

hfc = 5 1, 1 04 + 2044 x 27 = 1 06, 292 W / m 2 ■ K 

Hence, the condensation rate is 

m = 1 .063 * 10 5 W / rn 2 ■ K ( n < 0.065 m x 0. 125 m) (27 - 5) K / 2501 kJ/ kg 

m = 0.0229 kg/ s < 



Continued 
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PROBLEM 10.66 (Coiit.) 



(b) For film condensation, we used the IHTxaal Correlations, Film Condensation, which is based 
upon Eqs. 10.38, 10.39 or 10.40 depending upon the flow regime. The code is shown m the 
Comments section, and the results are 

Re,j = 24, flow is laminar m = 0.00136 kg/5 < 

Note that the film condensation rate estimate is nearly 20 times less than for drop-wise condensation. 

COMMENTS: The code identified m part (b) follows: 

1 1 * Results, Part (b) - input variables and rate parameters 

NuLbar Redelta hLbar mdot □ L Ts Tsat 

0.5093 24.05 6063 D.001362 D.065 D.125 276 300 V 

i" Themnophysical properties evaluated at Tf; hfg at Tsat 

Pri Tf cpl hfg hfg kl rnul nul 

7.81 269 4165 2.501E6 2.43SE5 D.5S64 D.001 109 1.11 E-6"rf 

m Other input variables required in the correlation 
L = 0.1"5 
b = pi *D 
D = 0.065 



i" Correlation description: Film condensation (FCO) on a vertical plate (VP}. If Redelta<29, 
laminar region. Eq 10.33 . If 31<Redelta<175a. wavy-laminar region. Eq 10.39 . If Redelta>=1 650, 
turbulent region, Eq 10.27. 10.33, 10.34. 10.36, 1D.40 . In laminar-wavy and wavy-turbj : ent transition 
regimes, function interpolates between laminar and viavy. and wavy and turbulent correlations. See 
Fig 10.13 . V 

NuLbar = Nu L_bar_FCO_VP( Redelta , Prl ) // Eq 1 0.37 , 33, 39 
NuLbar = hLbar * (nur2 / g)'(1/3) / kl 

g = 9. 8 // gravitational constant, nVs A 2 

Ts = 5 + 273 // surface temperatu re, K 

Tsat = 300 II saturation temperature, K 

//The liquid properties are evaluated at the film temperature. Tf, 
Tf={Ts + Tsat)/2 

// The condensation and heat rates are 

q = hLbar * As * (Tsat - Ta) // Eq 11.33 

As = L * b // surface Area, m*2 

mdot = q/h'fg // Eq 10.34 

hfg = hfg + 0.66 * cpl * <Tsat - Ts) // Eq 1 0.27 : hfg eval uated at Tsat 

// The Reynolds number based jaon -| m thickness is 

Redelta = 4*mdct/(mul'b) // Eq 10.36 



II Water property functions :T dependence. From Table A. 6 
// Units: T(K), p(bars); 

■: = I // Quality i'0=sat liquid or 1 =sat vapor} 

hfg = hfg_Tf Water",Tsat) // Heat of vaporization, Jkg; evaluated at Tsat 

cpl = cp_Tx(" Water, Tf.x) // Specific heat, Jfkg-K 

mul = mu_Tx(" Water, Tf,x} //Viscosity, N-s/nT"2 

nul = nu_Tx("Water'.Tf,if) II Kinematic viscosity. m*2/s 

kl = k_Txi'"Water,Tf,x) // Thernial conductivity. VWm-K 

Pr = Pr_tK{'Water",Tf,x) // Prandtl number 
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PROBLEM 10.67 

KNOWN: Surface temperature and area of integrated circuits submerged in a dielectric fluid of 
prescribed properties. Height and temperature of condenser plates. 

FESD : (a) Heat dissipation by an integrated circuit, (b) Condenser surface area needed to balance heat 



load. 
SCHEMATIC: 



Vapor — 



Diefec-rric 
fluid: 



Liquid — - 




'- — Co ndenser plate, \-lSX, H-50mm 



^ 1^ ? — TC, \ = 75% A^ZSkUT™^ N=S0O 



ASSUMPTIONS : (1) Nucleate pool boiling in liquid, (2) Laminar film condensation of vapor, (3) 
Negligible heat loss to surroundings. 

PROPERTIES: Dielectric fluid (given, T Ht = 5 0°C): p t = L7O0kgin 3 , c p t = lQOSJkgK, ft t = 
6.80 k 10" 4 kg.'s-m, k £ = 0.062W/m-K Pr^- = 1 1. a = 0.013 kg/s 2 , h ft = 1.05 x 10 s J kg, C i£ = 0.004, n 
= 1.7, v { - fi t i p t =4.0 x lOr'nrVs . 

ANALYSIS: (a) For nucleate pool boiling. 



9.8 m.-'s 2 xl700kg/ni 3 
0.0 13kg /'s 2 



: ■■ ■- 

, c S ,f h fg Pr f 
1 2 



ft 6.8 x 1 0 -4 kg / s ■ m( 1 .05 x 1Q 5 J /'kg J 



1005 J/kg-Kx25K 
t 0.004x1. 05 xlO 5 J/kgxll L7 

= A s q^ =84,530W/m 2 x25xlO -6 m 2 =2.11W. 

(b) We begin by assuming laminar film condensation. From Eq. 1 0.42, 

-,3/4 



:84,530W/m 



Re^ = 3.73 



= 3.78 



3/4 



0.062 W/ m ■ K x 0.05 m (50 -1 5)K 



= 69.8 



6.80 xlO^kg/s-mxl. 29 x10 s I/kgx[(4.0xlO" 7 m 3 /s) 2 /9.8m/s ! j' 3 

where h^ = h f + 0.68c p ({T !at -T s )= 1.29x1 0 ? X'kg. Thus the assumption of Laminar flow was 
wrong. FromEq. 10.43 

3.70^(^.-1,) 



u,14(v f 2 /g) 1/3 



■4.8 



c.i: 



= 72.4 



and the flow is wavy laminar. To balance the heat load, N% = q c , thus 
m = q c = 500 * 2.1 1 W/1.29 * 10 s I/kg = 8 .18 * 10~ 3 kg/s 

Finally from Eq. 10.36. 

b = 4m/ \i t Re 5 = (4 x 8. 18 x 10" 3 kg/s)/(6.80 x 10" 4 kg/ s ■ m x 72.4) = 0.665 m 

Hence A, = bL = 0.665 m x 0.05 m= 0.0332 m : 
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PROBLEM 10.68 

KXOW7V": Thin-walled uiermosyphon. Absorb* heal by boiling saturated water at atmospheric 
pressure on boiling section L^. Rejects heat by condensing vapor into a thick film which falls length 
of condensation section L c back into boiling section. 

FEND : (a) Mean surface temperature, T E _t, of the boiling surface if nucleate boiling flux is 30% 
critical flux, (b) Mean surface temperature, T li: of condensation section, and total condensation flow 
rate, rh ; in thermos yplion. 



SCHEMATIC: 



Sahirs+ed steam 
Condensation film 



Soiura 
wafer 




foiling 
auction 



ASSUMPTIONS : (1) Fihn condensation occurs in condensation section winch approximates a 
vertical plate. (2) Boiling and condensing section are separated by insulated length (3) Top surface 
of condensation section is insulated, (4) For condensation liquid properties evaluated at Tf = 90°C. 

PROPERTIES : Table A- 6, Saturated water ( 1 0G°C) : p l = 1 / v f = 957.9 kg / m 3 , c p _ t = 42 1 7 J/kg K, 
tt ( = 219 x 10 _& X ■ y, ■: in 2 , Pr f = 1.76, hf g = 2257 kJ/kg, c = 58.9 x 10" 3 N/m; Saturated vapor [1 00°C): 
Pv = 1/vg = 0.5955 kg- m : Saturated water (90°C): p t = 1 / v f = 964.9 kg /m 1 , c p { = 420-7 J/kg-K, M( 
= 313 x lO^N-s/m", k ; = 0.676 W.- in-K. v { = ps t i Pi =3.24 x 10" 7 m : /s. 

ANALYSIS: (a) Hie heat flux for the boiling section is 30% the critical heat flux which at 
atmospheric pressure is 

q^ b =0.30q^, H =0.30xl.26 ! <10 6 W/m 2 = 3.78xl0 5 W/m 2 

Using the Rohsenow correlation for nucleate boiling with T 5a t = 100 3 C and typical values for the 
surface of C g f = 0.0130 and n = 1.0. find 

A 3 



qs,b =MtMi> 





1/2 


_ a . 





-p,d T s,b- T sat ) 



3.78xl0 5 W/m 2 =279 xlO~*N s/ m 2 x 2257 xlQ 3 J7kgx 



9.&m -r 



58.9*: 10 - X.-m 



1 U 



\\1 J/'ks K T, 



1.013 x 2257 xlO 5 J/kgl.76 10 J 



Continued 
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PROBLEM10.eS (Cont.) 



T sb =114.G°C 

(b) The heat transferred into the boiling section must be rejected by film condensation, 
<lc = % = <U.b [^D 2 ' 4 + jDL b ] 

q c = 3.7Sxl0 5 W, 'm 2 [V (0.020 m) 2 . ■ ; 4+ K (0.020 m) x 0.020 mj = 594 W. 

TliusfromEq. 10.34, m = q c /h^ and from Eq. 10. 36,Re 5 = 4m/u i b =4q c /h^itD , where 
hf = h £i -0.68c - (T i3l -T s c ). We approximate h^ =h f? and find Re 5 = 55.3. Thus the flow is 
wa\y Limmar. FromEq. 10.43 we have 



Re : . = 



3.701^1^ -T_ c ) 



nO.s: 



■4.8 



= 4q c /hfe f i i 7rD 



(1) 



Tins can be solved iteratively for T at - T^. The iterations can readily be initiated by assuming 
14 ^ h £g and solving Eq. (1) forT^- T SiC = 20.0°C. The iterations converge: to T sa[ - T Si[ = 19. FC. 

Thus 

T w = 80_9 fl C < 
Finally, with 14 = 2. 3 1 1 x 1 Q 6 J / kg , 

m = q,. /h^ = 594 W/2.3 1 1 x 10 6 J/kg = 2 6 x 10 4 kg/s. < 
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KNOWN: 



PROBLEM 10.69 

i for cooling a computer chip of prescribed size. 



FIND: (a) Chip temperature and total power dissipation when chip operates at 90% of critical heat flux., 
(b) Required condenser length. 



SCHEMATIC: 




D = 30 mm 



T s = 25 °C 



Chip 



L 0 - 20 mm 



C sf = 0.005, n = 1.7 

ASSUMPTIONS: (1) Steady-state. (2) Saturated liquid/vapor conditions. [3) Negligible heat transfer 
from bottom of chip. 

PROPERTIES: Fluorocarbon (prescribed): T sat = 57°C, c, j = 1100 J/kgK, hjg = 84,400 J/kg, p ( = 
L619.2 kg/'m 3 , ^ = 13.4 kg/m 3 , a = 8.1 x 10" 3 kg/s 1 , =440 x 10" f kg/ms, Pr^ = 9.01, k; = 0.054 
W/m-K, vi = // £ /p^ = 0.272 x Iff* urn. 

ANALYSIS: (a) With q" = 0.9 

Qinax me critical heat flux given by Eq. 10.6 with C=0.149, the 



q = D.9L 2 xG.149h fg p v 



1/4 



2 



q = 0.9(0.02m) 2 x0.149(S4 ! 400j/kg)l3.4kg/i- 



0.0081 kg/ s 2 |9.Sm/ s 2 J 1 1605. 8 kg/m 3 J 



-il/4 



(l3.4kg/m 3 ) 



^=0.9(4x10 V 2 )l.55xl0 5 w/m 2 =55.7 W 

With operation at q" = 1.40 x 10 5 W/nr in the nucleate boiling region. Eci. 10.5 yields 

nl/6 



T = T sat + 



c ^ : fhfg Pt; 



T = 57 C + 



0.005 (84, 400 j/kg) (9.01) 
HOOj/lg-K 



10 ; U : / D 



,4.4x10^ kg/m s x 84, 400 j/kg 



O.OOElWs 



1/6 



9.8 m/ s 2 ji6Q5.El£g/ni S ^ 

Continued... 
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PROBLEM 10.69 (Cone.) 



T = 57 3 C-22.4 ; C = 79.4 5 C < 

(b) Hie power dissipated by the chip must be balanced by the rate of heat transfer from the condensing 
section. We combine Eqs. 10.34 and 10.3(5 to obtain Re = = 4q/n f bh' ? , where b = nD = 0.0942 m and 

k'f. = h % + 0.68c p ■ (T at - Tj = 84,400 J/kg + 0.68! 1 100 J/kg ■ K)32 = C = 1 08,300 J/kg. Hence, Re = 

4(55.7 W)/4.4 x 10^ kg.'ms (0.0942 m)108,300 J/kg = 49.(5 and the condensate film is m the laminar- 
wavy region. Hence, from Eq. 10.43 

.3.78 J k,(T„-T,) 

COMMENTS: The chip operating temperature (T = 79.4 C C) is not excessive, and the proposed scheme 
provides a compact means of cooling high performance chips. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 10.70 

KNOWN: Copper plate, 2m x 2m, in a condenser-boiler section maintained at T, = 1Q0°C separates 
condensing saturated steam and nucleate-pool boiling of saturated liquid X. 

FEND: (a) Rates of evaporation and condensation (kg-'s) for the two fluids and (b) Saturation temperature 
T 5nr and pressure p for the steam, assuming that film condensation occurs. 




ASSUMPTIONS: (1) Steady-state conditions, (2) Isothermal copperplate. 

PROPERTIES: Fluid-X (Given, 1 aim): T M , = SVC. h :g = 700 kJ/kg, portion of boiling curve shown 
above for operating condition, AT, = T, - T« = ( 1 00 - 8Q)°C = 20°C, =5x10* W.W , Table A.6, 

Water (saturated, T f ~ 10O°C): p f = 957.9 kgfsa, hf g = 2257 kJteg , c p t = 4217 J/kg, fi t = 279 x 10" 6 

N-a/m 3 , k, = 0.6SO W/m-K, Pr f = 1.76, v ( = fx t i p t =2.91 x 10"" nr/s. 

ANALYSIS : (a) For fluid-X. with ATj = T s - T Mt = (100 - S0)°C: = 20 K r the heat flux from the boiling 
curve is 

q 3 " =50,OOOw/m 2 
and the heat rate from the copper plate section into liquid-X is 

q s =q*xA s = 50, 000 w/ m 2 x(2x2)m 2 = 200, 000 W 
From an energy balance around liquid-X. the evaporation rate for fluid-X is 

m X =q S / h fg.X =200, 000 W/700, 000 J/kg = 0.286kg/s < 

The heat rate into the copper plate section from the steam is q 5 = 200.000 W, and from an energy balance 
around the condensate film, the condensation rate for steam (w) 

m w =q 4 /hj- a , w =200,000w/2.257xl0 6 j/kg = 0.0886kg/s 

where we are assuming that T= ltw is only a few degrees above T s so that h'f s s= h^ . 

(b) With T sa! unknown, we begin by evaluating the liquid water properties at 100°C as given above. Then 
fromEq. 10.36, 

Re 5 = 4m w .'ji f b = 4 * 0.0886 kg.'s / 27P " 10" 6 N- s/m 2 * 2 m = 63 5 
Thus the flow is wavy laminar and from Eq. 10.43, 

Continued 
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PROBLEM 10."0 (CoDt.) 

2 f_\I/3 



r r -T..rR e r a> -^T fhih(Vf /g) 

Mt 5 L o J 3.70fc<L 

„ -_. - 

at 5 L _ 3.70x0.680 W/m-Kx 2 m 



T 5 -6.7°t 



T,„= 106. 7°C = 379.7 K 



From Table A.6, p = p H[ (3 79. 7 K) = 1 .27 bars < 

COMMENTS: The calculation could be repeated witli properties evaluated at T : - = 103 C C' J but the results 
would not change much. 
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PROBLEM 10.71 



KNOWN: Thin- walled container filled with a low boiling point liquid (A) at T EJ . f .A- Outer surface of 
container experiences laminar- film condensation with the vapor of a high -boiling point fluid (B). 
Laminar film extends from the location of the liquid-A free surface. Hie heat flux for nucleate pool 
boiling in liquid- A along the container wall is given as q^pt, = C(T S - T^)', where C is a known 

empirical constant. 

F1XD: (a) Expression for the average temperature of the container wall, T 5 : assume that the properties of 
fluids A and B are known; (b) Heat rate supplied to liquid-A, and (c) Tune required to evaporate all the 
liquid-A in the container, assuming that initially the container is filled, y = L. 

SCHEMATIC: 



Condensate 
film (B) 




ASSUMPTION'S: (1) Nucleate pool boiling occurs on the inner surface of the container with liquid-A, 
(2) Laminar film condensation occurs on the outer surface of the container with fluid-B over the hquid-A 
free surface, y. and (3) Negligible wall thermal resistance. 

ANALYSIS: (a) Perform an energy balance on the control surface about the container wall along 
locations experiencing boiling (A) and condensation (B) as shown in the schematic above. 



-E out -0 



Icond *Inpb — 0 

h y (^Dy)f T sat . B -T 4 )- (jrDy)C(T s 3 -T sat>A ) = 0 
hy( T sat,B- T s) = C (' I s--' T sat J A) 



(1) 
(2) 

(3)< 



where hy is the average convection coefficient for laminar film condensation over the surface length 0 to 
y. From Eqs. 10.31 and 10.27, 

Continued... 
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PROBLEM 10.^1 (Cour.) 



-,1/4 




0.943 



M T *at-T s )y 



£3) 



h fg = h fg.B " °- 6Sc p,B ( T S at,B " T s ) 



(4) 



where the properties are for fluid-B. 

(b) The hear flux supplied to liquid- A i% fromEq. (2), q C ond = Qnpb ■ Since hy is a function of y, T s 
and 7 hence, the heat fluxes will be functions of y, the height of liquid A in the container. 

(c) To determine the dry- out time, tj, begin with an energy balance on the inside of the container (fluid - 
A). The heat transfer supplied to liquid-A results in an evaporation rate of liquid- A, 



q np b (^ D y) 



dM 



h fg = 0 



(4) 



dt 



where M is the mass of hquid-A in the container. 




(5) 



Substituting Eq. (5) into (4), separating variables and identifying integration lmiits. find 



C(T S -T sat>A f (jrDy) = j\_PLA (*D 2 A) v]h fg 




(6) 



The definite integral could be numerically evaluated using values for T=(y) obtained by solving Eq. (3). 
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PROBLEM 10,72 



KNOWN: Dimensions often thin-walled thermosyphons with boiling, insulated, and 
condensing sections of known lengths. Working fluid is saturated water at 0.047 bars. 

FIND: (a) Heating rate delivered by thermosyphons if nucleate boiling heat flux is 25% 
of CHF and mean temperatures of boiling and condensing sections, (b) Heat loss from 
hot water tank to cool attic . 



SCHEMATIC: 



Safuraisd sh-sm 
Condensation film 



P = 0.047 bars 

Writer 




£ c =50 mm C-ondemaHon 

seef ion 



I miff J^ns-ufx-fiajj 



^=.30 [Tim BeiUng 



ASSUMPTIONS: (1) Bottom of thermosyphon can be treated as a large horizontal 
surface, (2) Nucleate boiling constants are typical values of C 3 ,f = 0.0130 and n = 1.0, (3) 
Boiling and condensing section are separated by insulated length Li, (4) Laminar film 
condensation occurs in condensation section which approximates a vertical plate, (?) Top 
surface of condensation section is insulated, (6) For condensation, liquid properties 
evaluated at T f = 300 K. 

PROPERTIES: Table A-6 : Saturated water (p = 0.047 bars): T 5at = 305 K, p £ = 1 v f = 

995 kg/m 3 , e pjf = 41 78 J/kg-K, = 769 x 1 0~ 6 N - s / m 2 , Pr; = 5 .20 . h f? = 2426 kJ/kg, 
a = 70.9 x 10" J N/m; Saturated vapor (p = 0.047 bars): p v = l/v g = 0.0336 kg/m 3 ; 
Saturated water (300 K): p f = l/v f = 997 kg/m 3 , c p j f =4179 J/kg-K, |i< = 855 x 10" 6 
N sW, vy = / pc = 8.58 x 10" 7 m 2 /s : k f = 0.613 W/m-K. 

ANALYSIS: (a) The heat flux for the boiling section is 25% of the critical heat flux, 
which is given by Eq. 10.6 with C =0.149 for a large horizontal surface. 



q£ ;b = 0.25q nias = (0.25)0. 149h %Pv 



Pv 



1/4 



Continued 
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PROBLEM 10.-2 (Cont.) 



= (0.25)0.149 * 2426 x 10 3 J/kg x 0.0336 kg.' m 3 



70.9 x 10 3 TS7m k 9.8 m / s 2 (995 - 0.03 3 6)kg / m 3 
(0.0336 kg /m 3 ) 2 



I 4 



= 84,900 W/ni z 



Using the Rohsenow correlation for nucleate boiling . find 

,\3 



1s,b = M f^fg 



g(p.i-p v )l " " e p.f t T s.b- T sat) 



84, 900 W / m 2 = 769 x 1 0~ 6 N - s / in 2 x 2426 x 1 0 3 J / kg x 



9.8m / s" ( 995 - 0.0336 ) kg / in 3 
70.9 <10~ 3 N/m 



1/2 



4178 J/kg- K(T a -305) 
0.013 k 2426 x 10 3 J /kg < 5 .20 1 0 



T S ,= 325 K. 



The heat transferred into the boiling section must be rejected by film condensation, 



1c =Qb =qs,b["° 2/ 4 + 7tDL b ] 

q c = 84, 900 W/m 2 j^n (0.020 m) 2 / 4 + 71 (0.020m) x 0.030m 
For all ten themio syphons, the heating rate is there fore 



= 187 W 



q tot = 1870W < 

Thus from Eq. 1 0.34, m = q c / hfg- and from Eq. 10.36, Reg = 4m / Lt (b = 4q c / h 'fg\±£ ttD , 
where hfg = hfg - 0.68cp /(T &at - T s c ). We approximate hfg = hf g and find Reg % 5.7 . 
Thus the flow is laminar as assumed. From Eq. 10.42, 



Re s = 3.78 



k/L c (T sat T sc ) 
^hf g (v 2 /g) 1/3 



3/4 



= 4q c /h^U^D 



(1) 



This can be solved iteratively for (T 51t - T iC ). The iterations can readily be initiated by 
assuming hf g — hfg and solving Eq. (1) for (Tut _ T =it ) = 5.0 K. Subsequent iterations do 

not change this value. Thus 

Continued 
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PROBLEM 10.^2 (Cant.) 



T i: c = T slt -5.0K = 300K < 
Note that Tf = 302.5 K, which is not far from the assumed value of 300 K. 

(b) There would be heat conduction through thermally- stratified water vapor in the 
thermospyphon tubes (neglecting tube wall conduction) which would yield a very small 

heat transfer rate. Hence the heat loss is approximately zero. < 

COMMENTS: (l)The themio syphon is a unique device in that it acts like a thermal 
diode, promoting high heat transfer rates in one direction, while serving as an effective 
insulator in the opposite direction. (2) The convective resistance between the boiling 
section and the attic air will be extremely large for an un-finned thermosyphon. Hence, it 
would be necessary to significantly reduce this resistance by, for example, attaching 
annular fins to each boiling section and using a fan to heat the fins with forced 
convection. (3) The operating temperatures m the boiling and condensation sections of 
the thermosyphon may not be optmial values. Adjustment of these temperatures can be 
accomplished by changing the pressure within the thermosyphon, or by using a working 
fluid other than water. 
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PROBLEM 11.1 

KNOWN: Initial overall heat transfer coefficient of a fire-tube boiler. Fouling factors following one 
year's application. 

FIND : Whether cleaning should be scheduled. 
SCHEMATIC: 




Roiling WJ fef j 

= G>0015m*-KlW 

-~0.Q005mZ-KlW 



ASSUMPTIONS : (L) Negligible tube wall conduction resistance, (2) Negligible changes m and 

K 

ANALYSIS: From Equation 1 1 . 1 , the overall hear transfer coefficient after one year is 

— = — + — + Rf i +Rf o- 
U Li h 0 1 = 

Since the first two terms on the right-hand side correspond to the reciprocal of tlie initial overall 
coefficient. 



1 



1 



u 400 W/m 2 K 



+ (0.0015 + 0.0005)m 2 -K/W = 0.0045 m -K/ W 



U = 222 W/m -K. 

COMMENTS: Periodic cleaning of die tube inner surfaces is essential to maintaining efficient fire- 
tube boiler operations. 
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PROBLEM 11.2 



KNOWN": Type-302 stainless tube with prescribed inner and outer diameters used in a cross-flow heat 
exchanger. Prescribed fouling factors and internal water flow conditions. 

FIND: (a) Overall coefficient based upon the outer surface, U 0 , with air at T 0 =15°C and velocity V„ = 20 
m/s in cross -flow: compare thermal resistances due to convection, tube wall conduction and fouling; (b) 
Overall coefficient, U„, with water (rather than air) at T 0 = 1 5 S C and velocity V 0 = 1 m/s m cross-flow: 
compare thermal resistances due to convection, tube wall conduction and fouling: (c) For the water- air 
conditions of part (a), compute and plot U 0 as a function of the air cross-flow velocity for 5 < V„ £ 30 m/s 
for water mean velocities of u^ = 0.2, 0.5 and 1 .0 m/s; and (d) For the water-water conditions of part (b), 
compute and plot as a function of the watex mean velocity for 0.5 < v^x < 2.5 mis for air cross-flow 
velocities of V a = 1,3 and 8 m/s. 

SCHEMATIC: 



Fouling 
factors 




| | J D 0 = 27mm 

y - V 0 = 20 m/s D, = 22 mm 

ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed internal flow, 

PROPERTIES: Table A.J, Stainless steel, AISI 302 (300 K): k„ = 15.1 W/mK; Table A.6, Water 
(T ml = 348 K): p L = 974.8 kg/m\ m = 3.746 x 10" 4 N-s/m\ k = 0.668 W/m-K, Pr L = 2.354; Table A A. 

Air (assume Tf 0 = 315K, 1 arm): k„ = 0.02737 W/m-K v„ = 17.35 x 10" 5 m : /s, Pr, = 0.705. 

ANALYSIS: (a) For the water-air condition, the overall coefficient, Eq. 11.1, based upon the outer area 
can be expressed as the sum of the thermal resistances due to convection (cv), tube wall conduction (w) 
and fouling (f): 

1/U 0 A 0 = R to: = R cv>1 + R f .i - R w +R f j0 + R cv , 0 

Rcv.i = tfh \ R-cv.o = t/ho A 0 

Rf.i=Rf,i/Ai Rf,o=Rf,o/A 0 
and fromEq. 3.28. 

R w =M(D 0 /Di)/(2jrLk w ) 
The convection coefficients can be estimated from appropriate correlations. 

Continued... 
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PROBLEM 11.2 (Cont.) 

Estimating \ : For internal flow, characterize the flow evaluating thennophysical properties at T^j with 



Re Dl 



u D i 



0.5 m/sx 0.022m 



v i 3 . 746 x 1 0 -4 N ■ s/m 2 /974 .8 kg/ m 3 
For the turbulent flow, use the Dittus-Boelter correlation, Eq. 8 .CO, 
Num = 0.023 Re °, S Pr?- 3 



: 28,625 



D.i- 



Nu Dl = 0.023 ( 28, 625 J 0 ' 8 ( 2.354) 0 ' 3 = 109.3 

h, =Nu D>1 k,/Di= 109.3x0.668 w/m 2 - K / 0.022m = 3313 w/mr - K 
Estimating h^ : For external flow, characterize the flow with Tr 



2flra/s< 0.027m 
17.35 xlO -6 m 2 /s 



= 31.124 



evaluating themiophysical properties at T; 0 = (T s .(, + T 0 )/2 when the 
surface temperature is determined from the thermal circuit analysis 
result. 



l. T m.i ~ T o )/ R tot - ( T s,o ~ T o j/ R c\\o 



Assume Tf„ = 315 K, and check later. Lsing the Churchill-Bernstein 
correlation Eq. 7.54. find 



NuD.o = 0.3 +- 



0.62Re*( 2 Pr o /3 



l + (0.4/Pr o ) 



2/3 



1/4 



1 + 



Re D.o 
282,000 



,5/8 



4/5 



Nu D>o =0.3- 



0.62(31,124) 1/2 (O.7O5) 1/3 



jl-(Q.4/0.705) 2/3 



1/4 



31,124 
2 82.. 000 



5/8 



4/5 



Nud.o =102.6 



h 0 = Nud.o W D o = 102 - 6 x 0.02737 W/m ■ K/0.027m = 1 04.0 W/m ■ K 
Using the above values for hj. and h 0 , and other prescribed values, the thermal resistances and overall 
coefficient can be evaluated and are tabulated below. 



(K7W) 
0.00436 



(K/W) 
0.00578 



(K/W) 
0.00216 



(K/W) 
0.00236 



(K/W) 
0.1134 



U. 
fW'nr-K) 
92.1 



[K/W) 
0.128 



The major thermal resistance is due to outside (air) convection, accounting for 89° i of the to:al resistance. 
Fhe other thermal resistances are of similar magnitude, nearly 50 times smaller than R^.a- 

(b) For the water-water condition, the method of analysis follows that of part (a). For the internal flow, 
the estimated convection coefficient is the same as part (a). For an assumed outer film coefficient. Tf 0 = 

292 K, the convection correlation for the outer water flow condition V„ = 1 m/s and T„ = 15°C, 

Continued... 
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PROBLEM 11.2 (Conr.) 



find 

Re D 0 = 26, 260 Nu D o = 220.6 h 0 = 4914 w/m 2 ■ K 
The thermal resistances and overall coefficient are tabulated below. 

Rfi Rw K-ii Rcv.o Rut U, 

(K/W) (K/W) (K/W) (K/W) (K/W) fK/W) (W/m'-K) 
0.QQ43O" 0.00579 0.002 IS 0.00236 0.00240 0.017 L ' 691 

Xote that the thermal resistances are of similar magnitude. In contract with the results for the water-air 
condition of part (a), the thermal resistance of the outside convection process, R^-.o, is nearly 50 times 
smaller. The overall coefficient for the water- water condition is 7.5 times greater than that for the water- 
air condition. 



(c) For the water-air condition using the DTT workspace with the analysis of part (a). U 3 was calculated 
as a function of the air cross-flow velocity for selected mean water velocities. 

Water (i) - air io) condition 



3 



120 
100 
60 
60 
40 













































— ^sS 



































































5 10 15 2D 25 30 
A ir velocity, Vo (mis) 

ii Water mean velocity, umi = 0.2 mis 

umi = D.5 m/s 

,-ri = ' '- n.'& 

The effect of increasing the cross -flow air velocity is to increase U 2 since the Rc V . 0 is the dominant thermal 
resistance for the system While increasing the water mean velocity will increase hj. because « 
Rtv,o. this increase lias only a small effect on U 0 . 

(d) For the water-water condition, using the IHT workplace with the analysis of part (b), U„ was 
calculated as a function of the mean water velocity for selected air cross-flow velocities. 

Water (i) - water (0} condition 



1 



1D0D 

BDC 
7:: 
SDD 



























— y 









































0J5 1 1.5 2 

Water niean velocity, umi (nn/s} 



2.5 



Air velocity, Vo = 1 nite 
Vo = 3 mte 
Vo = B mis 



Because the thermal resistances for the convection processes, R^-j and R^ are of similar magnitude 
according to the results of part (b), we expect to see U 0 significantly increase with increasmg water mean 
velocity 7 and air cross-flow velocity. 
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PROBLEM 11.3 



KNOWN: Inner and outer diameters of tubes m shell-and-tube heat exchanger. Inner and outer 
heat transfer coefficients. Properties of plastic and metal candidate wall materials. 

FEND: (a) Rano of surface areas for the two materials for the same heat transfer rate, (b) Ratio of 
masses for the two materials, (c) Which tube material would be lower cost. 



SCHEMATIC: 



Dd = 1 1 mm 



h = 1500 W/m 2 K 



h D = 200 W/m-K 




Metal alloy 

p„ = 8900 kg fin 5 

k m =8 W/m K 



Plastic 

p p = 1780 kg/m 3 
k p = 0.17 W/m K 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible fouling. 

ANALYSIS: [a) FromEq. 1 L.14, the heat transfer rates will be the same for the two wall 
materials when UA is the same for both. From Eq. 11.1, with no fouling or fins, and "with the 
wall resistance given by Eq. 3 .28. 



1 ' 1 ln(D 0 /D,) 1 )\ 



UA , h;-nDi 



2-nk,: 



where 



h 0 7tD 0 , 



: 



and 



hi ?cDi 1 500 W/ m 2 ■ K x k x 0.0 1 m 

1 1 

K r - D o 200 W/m 1 -Kxttx 0.011m 

In(ll/10) 



= 0.0112 rn-K'W 



(1) 



= 0.1447 m-K/W 



R w 



lr-(D- T>j\ 



= 0.0019 W/m-K metal alloy 
, 2jtx£ W/m-K 

ln(ll.-lO) 
1 2rtx 0.17 W/m-K 



- = 0.0892 W/m ■ K plastic 



Thus, from Eq. (1), (UA), = (UA) P implies the following ratio of areas. 



Continued. . . 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 11.3 (font.) 



^-ctitiv.i + ^w.p ^-conv.o 

_ 0.02 12 m - KAV + 0.0892 m K7W + 0. 1447 m - K/W 
~ 0.0212 m ■ K/W + 0.0019 m ■ K/W + 0. 1447 m - K/W 

-^- = 1.52 < 
A m 

(b) The ma si ratio is found as follows, 

ny^^^780kg/m j 15 ^ 0304 
Mm Pm^m 89O0 kg/m 3 

(c) The cost ratio is 

C p m p i 

= — ^-=-0.304=0.10 
C m 3 

The plastic should be specified on the basis of cost. 

COMMENTS: (1) Because of its lower thermal conductivity; the plastic heat exchanger wall 
requires 50% more surface area than the metal wall. Nonetheless, it is 70°-o lighter and 90% less 
expensive. (2) Plastic heat exchanger components must operate at temperatures below their glass 
transition point, which forPVDF is approximately 16Q D C. If the plastic heat exchanger is 
operated above the glass transition temperature, it will soften and lose all structural rigidity. (3) 
The cost-based selection of the material will change depending on the values of the inside and 
outside heat transfer coefficients. For example, as the inside and outside heat transfer coefficients 
approach infinity, the metal core should be selected on the basis of cost. For applications 
involving condensation or boiling, the heat transfer coefficients will depend strongly on the tube 
material, as discussed in Chapter 10. 
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PROBLEM 11.4 

KNOWN: Dimensions of heat exchanger tube with or without fins. CoLd and hot side convection 
coefficients. 

FEND : Cold side overall heat transfer coefficient without and with fins. 
SCHEMATIC: 




DrZQmm 



tt t 

h h --ZOOW/m^K +*2*my% 



Withjins 
+ 




ASSUMPTIONS : (L) Negligible fouling, (2) Negligible contact resistance between fins and tube 
wall, (3) hh is not affected by fins, (4) One-dimensional conduction in fins. (5) Adiabatic fin tip. 

ANALYSIS: From Eq. ILL, 

1 _ 1 | Dib(D 0 /Di) | A c 



u c (%h) c 

Without fins: r? oc = t} ch = 1 



2 k 



1 



(0.02m) ki (26/ 20) 



1 



20 



1 

u c 8000 W/m 2 K 100 W/m K 200 W/m 2 K 26 
1/U c =(l.25xl0" 4 +5.25<10~ 5 



x 1 0 3 ) m 2 ■ K / W = 4.02 x 1 0 3 m 2 ■ K / W 



U c =249 W/m -K. 



With fins: T} 0 c =1, r} 0 ]j = 1 — ( Af / A)(l - ?7f ) Per unit length along the tube axis, 
Af =N(2L f + t) = 16(30 + 2)mni = 512 mm 
A h = Af + (?rD 0 -16t)={512+S1.7-32)mm = 561.7 mm 

With m = (2h/kt) L ' 2 = ( 400 W .■' m 2 ■ K/ 50 W/m-K x 0.002mJ L 2 = 63.3rn _1 

mL f = j63.3m _1 j(0.015ai) = 0.95 

and Eq. 11.4 yields 

7]f = tanh(mL f )/mL f = 0.739/0.95 = 0.778. 
The overall surface efficiency is then 

rj 0 = l-(Af / Ahji'l-ry ) = 1- (512/ 561.7 )(1- 0.778)= 0.798. 

1 (. „, ,„_4 -s . Jr(20) 



Hence- 



1.25 <10~ 4 + 5.25x10 S +- 



0.79S(200)561.7 



m 2 - K / W = E.7E x W^m 2 -K / W 



U c =1138 W/m 2 K. 
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PROBLEM 11.5 

KNOWN: Geometry of finned annular heat exchanger. Gas-side temperature and convection 
coefficient. Water-side fkwrate and temperature. 

FCS'D: Heat rate per unit length. 

SCHEMATIC: 

D 0 = 60 mm 

Di i = 24 mm 

I\2 = 30 mm 
t = 3mm= 0.003m 
L = (,60-3Q)/2 mm = 0.015m 



JjSS. 

T m.h 



—ILf > J J ''''''' > ' ' ' ' ' ' 
})}>>}}>}>))>>}}>}>) 




ASSUMPTIONS: (L) Steady- state conditions, (2) Constant properties. (3) One-dimensional 
conduction in strut. (4) Adiabatic outer surface conditions., (5) Negligible gas-side radiation., (6) Fully- 
developed internal flow. (7) Negligible fouling. 

PROPERTIES: Table A-6, Water (300 K): k = 0.613 W/m K, Pr = 5.S3. p= 855 x 10" S N-s/'m 2 . 
ANALYSIS: The heat rate is 

q = (UA) c (v h -V c ) 

where 

l/(UA) c = l/(bA) c +y(^ 0 hA] h 

„(D U /D,,) = M 3<^4) s7 , 0<lc ^ K;w 
2,xkL 2m(5Q W/m K)lm 

With 

Re D =^^ = 4*0.161 kg/s - = 9990 

JTDj rlJ u , T ( 0.024m) S55x 10 6 N-s/'m 2 
internal flow is turbulent and the Dittus-Boelter correlation gives 

h c =(k/D u )0.023Re^' 5 Pr 0 - 4 =| ^ ^ K jo.Q23(9990) 4 -' 5 (s.83) 0 - 4 =1883 W/m 2 K 

(hA)" 1 = f 1 883 W / m^Kxj x 0.024rn ) 1 = 7.043 x 10~ 3 K / W 

Find the fin efficiency as 

% =l-{Af/A)(l-^) 

Af =8x2(Lw]= 8x2(0. 015inxlm) = 0.24m 2 

A = Af 4 ( 71 D L 2 - St) w = 0.24ni 2 - ( tt x 0.03m - 8 x 0.003m ) = 0.3 lm 2 . 

Continued.... 
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PROBLEM 11.5 (Cont.) 

From Eq. 1 1 .4, 

tanh(mL) 
^ ruL 

where 

m = [2h / kt] L; ' 2 = [^2 x 1 00 W / m 2 ■ K / 50 W / m K (0.003m)] 1 ' 2 = 36.5 m" 1 
rnL = ( 2h / kt J 1 ■'' 2 L = 36.5 m" 1 x 0.0 1 5m = 0. 5 5 



taiihj(2h/kt) L '' 2 L 



= 0.499. 



Hence 

?7f =0.499/0.55 = 0.911 

? 0 = 1 - ( Af • A; (1 - rjf ) = 1 - {0-24/ 0.3 1 )(1 - 0.9 1 1) = 0.93 1 
(?7 0 hA)~ L = f 0.93 1x100 W / m 2 -Kx 0.31m 2 j ' = 0.0347 K / W. 

Hence 

(UA = [ 7.043 k 10~ 3 + 7. 1 x 1 0" 4 - 0.0347) K / W 
(UA) c =23.6 W/K 

and 

q = 23.6 W/K(800-300)K = 11,800 W < 
for a 1m long section. 

COMMENTS: (1) The gas -side resistance is substantially decreased by using the fins [Af » aDj.2) 
and q is increased. 

(2) Heat transfer enhancement by tlie fins could be increased further by using a material of larger k, 
but material selection would be limited by the large T m b- 
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PROBLEM 11.6 



KNOWN: Condenser arrangement of tube with six longitudinal fins (k = 200 W/m-K). Condensing 
refrigerant at temperature 45 °C flows axially through inner tube "while water flow? at 0.0 L 2 kg-'s and 
15°C tlirough the six channels formed by the splines. 

FIND: Heat removal rate per unit length of the exchanger. 

SCHEMATIC: 

-V 

Qg=50 mm 

j- -2.UT1TT 




ASSUMPTIONS : (L) No heat loss/gain to the surroundings, (2) Water is incompressible liquid with 
negligible viscous dissipation, (3) Negligible thermal resistance on condensing refrigerant side, hi — > 
sc. (4) Water flow is fully developed, (5) Negligible thermal contact between splines and inner tube, 
(6) Heat transfer from outer tube negligible. 

PROPERTIES: Table A-6, Water (T c = 15 n C = 2S8 K): p= L0O0 kg> : m 3 , k = 0.595 W/m-K, v= p/p 
= 1138 x IQ 6 N-s. ; m 2 /1000 kg/m 3 = 1.138 x IQ 6 m 2 /s, Pr = 8.06; Tube fins (given): k = 200 W/m-K. 
ANALYSIS: Following the discussion of Section 11.2, 
q' = UA'(T h -T c ) 



1 



: ^h + ^ w + K-c — ^-w + 



1 



(jfehA') c 



9' fC 



5 

-o 



where Rjj = 0, due to the negligible thermal resistance on the refrigerant side (h), and 



R w -" 



mfD- 



Dl) 



ln[14/K 



■ = 2.67Sxl0^m-K/W. 



2xk 2^(200 W/m-K) 

To estimate the thermal resistance on the water side (c). first evaluate the convection coefficient. The 

hydraulic diameter for a passage, where Ac is the cross-sectional area of the passage is 

r / i t\ 1 



Dh.c 



D h.c 



P (jt D 2 - 6t) / 6 4- (x D 3 - 6t) / 6 + 2 (D 3 - D 2 ) / 2 
^ (50 2 - 14 2 ) / 4 - 6(50 - 1 4) j x 1 0" S m 2 / 6 



[{14^-6x2)/6+{5O^r-6x2)/6 + (50-14)]xl0 m 
4x2_656xl0^m 2 



6.551x10 2 m 



:0.01622 m. 



Hence the Reynolds number is 



Continued . 
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PROBLEM 11.6 (Gout.) 

[(0.0 1 2 kg / s / 6) / ( 1 000 kg / m 3 x 2.656 x 10^m 2 )1 x 0.01622m 

Re Dc = L '- — = 107 

1. 138x10^ ni z /s 

and assuming the flow is fully developed. 

u c D h c 
Nll D,c = k~^ = 3 " 66 

h c = 3.66 x 0.595 W / m K/ 0.01622 = 1 34 W / m 2 ■ K. 
The temperature effectiveness of the iplines (fans) on the cold side is 

% = 1-^(1- W ) 

where Af c and A- are, respectively, the finned and total (fm plus prune) surface areas, while 
tanh( niL) 



mL 



m — (2h c i kt f 



(2x134 W/m 2 -Kj/(200 W7 m-K x 0.002m) 



= 25.88m 



Hence 



tank (25.88 m ! x 0.0 18n.il q 434.3 

ijf = - - = — - = 0.934. 

25.88m ^O.OlSm °- 4658 

6(Dj-DM 
770 6(D 3 -D 2 ) + (,TD 2 -6t} L 7fJ 

??□=!- 6(30-14j (i_o.934) = 0.943 

6{50-14) + (14ff-6x2) v ; 

1 1 _-. 

= 3.22x10 "m-K/ W 



"fcMc 0.943xl34W/m 2 -K[6(50-14) + (14,t-l5x2)]x10 3 m 
and the heat rate is 

TWc 

RW + l/(%hA') c 

(45-15)K 



2 . 67S x 1 0" 4 m ■ K AV + 3 .22 x 10 2 m ■ K / W 



= 924 W/m. 



COMMENTS: (1) The effective length of the fin representing the splines was conservatively 
estimated. Tlie heat transfer by conduction through the splines to the outer tube and then by 
convection to the water was ignored. 

(2) Without the splines, find Db = C°3 ~ D 2) = 36 ™i so that 1^ = 60.5 W/m 2 K. The heat rate with 
AJ* = ttDj is 

q' = (hA' c ) (T u - T c ) = 60.5 W / m 2 - K (0.0 14,T m)(45 - 1 5 )K = 79 W / m 
Tlie splines enhance the heat transfer rate by a factor of 924/79 = 11.7. 
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PROBLEM 11.7 

KNOWN: Number, inner and outer diameters., and thermal conductivity of condenser tubes. 
Convection coefficient at outer surface. Overall flow rate, inlet temperature and properties of water 
flow through die tubes. Flow rate and pressure of condensing steam. Fouling factor for inner surface. 

FEND: fa) Overall coefficient based on outer surface area, U 0 , without fouling, (b) Overall coefficient 
with fouling, (c) Temperature of water leaving the condenser. 



SCHEMATIC: 




Water — 
m i = m c /N = 0.40 kg/s 

T =1 

' rn.i la ^ 




m h = 1 0 kg/s v" 



Condensate 

h D = 10,000 W/m^-K 

Tube wal 
D, = 25 mm 

D n = 28 mm 
k= 110W/m-K 

lr 

Fty = 1CH rn^-K/W 



ASSUMPTIONS: (L) Water is incompressible with negligible viscous dissipation, (2) Fully- 
developed flow in tubes. (3) Negligible effect of fouling on Di. 

PROPERTIES: Water (Given): c p = 4180 J/'kg-K, //= 9.6 x lO^N-s.m 2 , k = 0.60 W/m-K, Pr = 6.6. 
Table A-6. Water, saturated vapor (p = 0 0(522 bars): T^ = 310 K, hfg = 2.414 x 10 S J.kg. 

ANALYSIS: (a) Without fouling, Eq. 11.5 yields 



1 D„ 



hi l v Di 



D 0 ln(Do/Di) 1 

■ 1 

2k- h 0 



Widl Re D . =4111! / srDj/f = 1. GO kg/s 
turbulent, and from Eq. 8.60 



^srx0.025mx 9.6 x lfT 4 N-s/m 2 J = 21,220, flow in the tubes is 

0.023Re!/ 5 Pr 0 - 4 =f Q - 60W/mK ]o.Q23(2UOQ) 4/5 (6.6) 0 - 4 =3400W/m 2 .K 
D i I. 0.025m J v ' v ' 

1 f'2&\ 0.028 In (28/ 25) 1 

— i — r : + — 

100 1 25 J 2x110 10,01 



(3.29x10 4 +1.44x10 3 -10 4 ' 



,000 



|j w. 



W/m- K = 



m -K = 2255W/nT -K 



(b) With fouling. Eq. 11.5 yields 



Uo = 



4.43x10^ +(Do/Di)Rf J 



-1 



5.55x10 



l \ =1800 W/m" K < 
(c) The rate at which energy is extracted from the steam equals the rate of heat transfer to the water. 
m h h fg = < ^ ( T m, o " T m,i ) ' m whicfcl case 



_ T '"h hfg lGkg/sx2.414xl0 6 J7kg 
1 mo = i m,i + = 13 L + " 



19A°C 



400 kg / s x 41 80 J/ kg K 
COMMENTS: (1) The largest contribution to the thermal resistance is due to convection at the 
interior of the tube. To increase U 0 , hi could be increased by increasing ihj. either by increasing rii c 

or decreasing N. (2) Note that T m . 3 = 302.4 K < T^r. = 310 K, as must be the case. 
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PROBLEM 11.8 



KNOWN: Diameter and inner and outer convection coefficients of a condenser tube. Thickness, outer 
diameter, and pitch of aluminum fins. 

FIND: (a) Overall heat transfer coefficient without fins, (b) Effect of fin thickness and pitch on overall 
heat transfer coefficient with fins. 



SCHEMATIC: 



S > 2.5 mm- 



Aluminum fins ■ 



■*— t > 1 mm 



b, ■ = 5000 W/m 2 -K 




D D =20 mm 



D; = 10 mm 



* h 0 = 1 00 W/m 2 -K 

ASSUMPTIONS: f L] Negligible tube wall conduction resistance, (2) Negligible fouling and fin contact 
resistance. (3) One-dimensional conduction in fin. 

PROPERTIES: Table AJ, Aluminum (T = 300 K): k = 237 W/m-K. 

ANALYSIS : (a) With no fins, Eq. ILL yields 

U^h^+h^ 1 ) 1 = (2xlO~ 4 +Q.Qlj 1 w/m 2 -K = 98.0w/m 2 -K < 
(b) With fms and a unit tube length, Eqs. 1 1.1 and 11.3 yield 



and T| 0 = 1 - (Af /A4)(l-Jj^). The total fin surface area per unit length is Af = N'2/T j ~it)-. where 

the number of fins per unit length is N' = lm / S(m) . The total outside surface area per unit length is A' 0 
= Af + (1 - Ni)tiD[, and the fin efficiency is given by Eq. 3.91 or Fig. 3.19. 

For t = 0.0015 m and S = 0.0035 m, r K = (DJI) + (t/2) = 0.01075 m, N' a* 286, Af = 0. 163 nrVm, and 
Aq = (0.163 + 0.01 S) mVm = 0.181 m 2 /m. With = 2.15, 1^ = 0.00575 m Ap = 8.625 x 10" s m 2 . and 



L 3 C '' 2 (h 0 /kA p )" " = 0.0964, Fig. 3.19 yields ti; * 0.99. Hence, Tj<, * 1 - (0.163/0. 181) (0.01) = 0.99 
and 

U I =[(l/h 1 )+CffD 1 /? 7o h 0 A;)]" 1 

U t = ^2 xlO^m 2 ■ K/W + .7 x 0.01m/ 0.99 x 100 w/m 2 - Kx 0.181m 2 /in J = 512 w/ m 2 K < 

We may use the IHT Extended Surface Model {Performance Calculations for a Circular Rectangular Fin 
Array) to consider the effect of varying t and S. To maximize N' . the lmnitnum allowable value of 

Continued... 



.1 2 
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PROBLEM 11.8 (Gout.) 

S - t = 1.5 111m should be selected. It is then a matter of choosing between a large number of thin fins or a 
smaller number of thicker fins. Calculations were performed for the following options. 



t(mm) S(mm) W U (WjW-K) 

1 2.5 400 640 

2 3.5 286 512 

3 4.5 222 460 

4 5.5 182 420 



Since heat transfer increases with Uj, the best configuration corresponds to r = 1 mm and S = 2.5 mm, 
which provides the largest airside surface area. 

COMMENTS: The best performance is always associated with a large number of closely spaced fins, so 
long as the flow between adjoining fins is sufficient to maintain the convection coefficient. 
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PROBLEM 11.9 

KNOWN: Operating conditions and surface area of a finned- tube , cross- flow exchanger. 

FEVD: Overall heat transfer coefficient. 

SCHEMATIC: 



Cross - flow hxer -~- 
(botfi fluids 
unmixed) \i 



1/ 



<C,0 



1 i\l 



ASSUMPTIONS: (L) Negligible heat loss to surroundings, (2) Constant properties, (3) Exhaust gas 
properties are those of air. 

PROPERTIES: Table A-6, Water (T m = 87°C ) : Cp = 4203 J /kg -K; Table A-4, An 
(T m * 275°C) : Cp = 1 040 J / kg ■ K. 

ANALYSIS: Since this is a cross-flow heat exchanger, we will use the s - NTU method, for which 
C c = m e Cp_ ( .= 0.5 kg/s x 4203 J/kg ■ K = 2102 W/X 

C t = m h Cp.i,= 2 kg/s x 1040 J/kg - K = 2QS0 W/X 

*~t = C-ium ■'' ^rnax = 0.9 90 

= C™»(T tl -T C4 ) = 2080 W/K (325 - 25)=C = 6.24 * 10 5 W 

q = C C {T C 0 - T c _i) = 2102 W/X (150 - 25}°C = 2.63 x 10 5 W 

Urns 

£=q'qmax= 0 - 421 
and from Figure 11.14 or solving Eq. 1 1.32 iteratively for NTU : 
NTU = 0.81 

U=C™JSTU/A = 2080 W/K x 0.SL1 0 m : =168 W/'m 2 K < 



and 



COMMENTS: The hot outlet temperature is found from q = G, (Tu - T b , 0 ) to be 1 99°C, thus 
properties of the hot fluid should be evaluated at around 262°C. This will have little effect since c, is 
not a strong function of temperature for water. 
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PROBLEM 11.10 

2 

KNOWN: Heal exchanger with two shell passes and eight tube passes having an area 925m'; 45,500 
kg/h water is heated from S0 c C to 15Q°C; hot exhaust gases enter at 35Q S C and exit at L75 i C. 

FEND : Overall heat transfer coefficient. 

SCHEMATIC: 



7wo shell and | 
eight tubs 




I — <$2^ 

1 E^T.-fT/ir 



passes, 4=925^ I E^r.-fT/ir 




Distance 



ASSUMPTIONS: (L) Negligible losses to surroundings, (2) Constant properties, (3) Exhaust gas 
properties are approximated as those of atmospheric air. 

PROPERTIES: Table A-6. Water (T c = ( 80 - 1 50) °C / 2 = 3S8K ) : c c = c pjf = 4236 J/kg-K 

ANALYSIS: Since this is a shell-and-tube heat exchanger, we will use the e - NTU method for 
which 

45,500 kg/h 



x 4236 J/kg-K = 5.35 x 10 4 



3600 s/h 



q = Q:(T c , 0 -T C;1 ) =5.35 x 10 4 W7K(150-SO)°C = 3.75 x 10 6 W 



Then we can find G, from an energy balance on the hot stream 
T;:us 



C t = q/fTt,! - T h 0 .) = 3.75 x 1Q 6 W/(350- 175) n C = 2.14 x 10 4 W/K 



C x = Cvta/Cnn = 0.40 

£ = q^CnanCT^i - T c .i) = 3.75 x 10 6 W/2.14 x 10 4 W/K (350- 80)°C = 0.64E 



From Eqs. 11.31b and c. with n = 2, 
a/n 

? = - =1-45, ej 



1^1 



F-1 
F-C r 



= 0.429 



From Eqs. 11.30c and 11.30b. 

E= 27 El -(l + C 1 .) =3o 

(1 -Cf)- : 

(NTU)] =-(1+ C^) _1/2 Iii 

and fromEq. 11. 3 Id. 

NTU = n(NTU)] =1.27 



E-l 
E + l 



= 0.637 



Therefore, 

U = NTU x Cnfe/A = 1 .27 x 2. 14 x lo" W/K/(925 m : ) = 29.5 \V-::C K 

COMMENTS: Compare the above result with representative values for air-water exchangers, as 
given in Table 1 1.2. 
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PROBLEM 11.11 



ICVOWN: Geometry of heat exchanger made from extruded polypropylene, sheets. The rmal 
conductivity 7 of polypropylene. Temperature, pressure, and velocity, of air and carbon dioxide 
flowing in channel?. 

FEND: Product of overall heat transfer coefficient and surface area, UA, for 200 cool and 200 
warm channel s. 



SCHEMATIC: 



a = 4 mm 



b = 4 mm 



C0 2 



10°C, p = 2 atm 



u m = 0.1 m/s 



Air 

T mJl = 30°C, p = 2 aim 



Welded Interface u m = 0.2 mis 




Polypropylene 
k = 0.17 Wmi-K 



: 4 mm 



d = 1 5 mm 



ASSUMPTIONS: (1) Constant properties and steady-state conditions. (2) Density of air and CO: 
is proportional to pressure. [3) Wall temperature is approximately uniform along channels, (4) 
Thermal resistance at welded interface is negligible, (5) Channel walls can be treated as fins. 



PROPERTIES: Table A.5, Air: (T^ = 303 K, p = 2 atm): It, = 0.0265 W/m-K, c Piij = 1007 
Jkg-K, it t = 186 x 10" 7 N s/m\ Pr h = 0.707, p t = 2.303 kg/m 3 : CO, (T^ = 283 K): k< = 0.0154 
W/m-K c P . : = 833 J.kg-K. p : = 141 :< 10"' Ns-nr. Pr, = 0.765. p- = 3.76 kgW. Polypropylene 
(given): kp-= 0.17 W/m-K. 

ANALYSIS: We begin by finding the heat transfer coefficients for air and CO:, hi both cases, 
the hydraulic diameter is D h = 4A-/P = 4x1 1 x4/(2(l 1+4) mm = 5.S7 mm. The Reynolds number 
for air is 



PhUai,h D h 2.303 kg/m 3 x0.2 m/s x 0.00537 m 



= 145 



186x10 ' N-s/m z 



A similar calculation for CO; gives Rsd. c = 156, thus both flows are laminar. From Table 8.1. 
assummg uniform wall temperature and interpolating for an aspect ratio of (d-c).'a = 2.75. we find 
Nu D = 3.82. Then for air, 



Continued. . 
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PROBLEM 11.11 (Cont.) 



h]! = Nu D .hkh/Dh =3.82x0.0265 W/m- K/ 0.00587 m=L7.2 W/m J K 
And a similar calculation for C:0; yields he = 10.0 W/nr-K. 

Focusing on one vertical wall of thickness c in the schematic above, we see that it lias fins 
extending to the right and left into the two fluids. By symmetry, the midpoint of those fins is < 
adiabat. and we can treat the fins as having length L = (d-c)/2 = 5.5 inni, with an insulated tip. 
We will use Eq. 11.1 for UA. with Eqs. 11.3 and 1 1 .4 for the fin efficiency. Note that for 
channels of length w, P/Ac = 2(w+-b)/wb a 2/b. For air = 




, , , , 2x17.2 W/m 2 -K _ L 

mil = — - — = — —=\\ = 225 in 

■ * ' * ' ' J '• m 1 7 W m - K x 0.004 m 

m h L = 225 m" 1 x 0.0055 m = 1.24 

flf.h = tanh(mi 1 L)/mi 1 L = tanh(1.24)/1.24 = 0.682 

TheoAj/A = 21V(2L + a) = 0.733 and 

Ho h = 1 0 -Tlf h) = 1 "0.733(1 -0.682) = 0.767 
A 

A similar calculation for CO; yields r| 0 c = 0.839. Finally, we use Eq. 11.1 to calculate UA. 

Xote that for N = 200 channels (and K fins) of depth w, A = 2LwX + awN = 3w m : and A„ = 
(a+b)wN = l.fiwnr. Thus, for a unit length of the heat exchanger (w = 1 m), 

1 1 c 1 

-4- -f- 



UA (Ti 0 hA)c k p A w Olo llA )c 

1 0.004 m 



- + - 



0.839 xlQ.O W.'m 2 -Kx3ni 2 0.17 W/m-Kxl.6 m 2 0.767x17.2 W/m 2 Kx3m 2 

UA= 12.<5W/m : -K < 

COMMENTS: (1) Hie product of the overall heat transfer coefficient and the heat transfer area 
is not large, but the design enables production of a compact heat exchanger that is not prone to 
corrosion and can be constructed at low cost. (2) The low thermal conductivity of the "fins" may 
result in significant temperature variation across their thickness, rendering the assumption of one- 
dimensional heat transfer in these extended surfaces invalid. (3) Hie contact resistance at the 
welded interfaces may not be negligible. In this case the system is not symmetric about the 
channel cemerluies. (4) A numerical solution could account for two-dimensional conduction and 
address the considerations of Comments 2 and 3. (5) The thermal boundary 7 condition at the 
channel boundaries is neither constant temperamre nor constant heat flux. (6) Polypropylene is a 
semi transparent material (see Chapter 12) and radiation transfer may occur between the two 
gases. Since the temperatures are relatively low and the convective heat transfer coefficient is 
relatively high, radiation heat transfer ivill not be significant. 
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PROBLEM 11.12 

KNOWN: Properties and flow rates for the hot and cold fluid of a heal exchanger. 
FIND : Which fluid limits the heat transfer rate of tlie exchanger? 

ASSUMPTIONS: (L) Steady-state conditions. (2) Constant properties, and (3) Negligible iosses to 
the surroundings. 

ANALYSIS: The properties and flow rates for the hot and cold fluid of the heat exchanger are 
tabulated beloiv. 

Cold fluid Hot fluid 

Density, kg''m 3 997 1247 

Specific heat, J/kg-K 4 1 T 9 25 64 

Thermal c onductivity, W, ; m- K 0.613 0.2S7 

Viscosity, N s/m 1 8.55 x 10" 4 1.68 x 10" 4 

Flow rate, in . : h 14 16 

The fluid which limits the heat transfer rate of the exchanger is the minimum fluid, 
C lffln = (rh ■ c)^^ - For the hot and c °ld fluids, find 

C h =m h c h =16 m 3 /'h*1247kg/m 3 x 2564 J/kg-Kx(ih/3600s) = 14.21 kW/K 

C c = lii^ c c = 1 4 m 3 / h x 997 kg / m 3 x 41 79 J / kg ■ K < (l h / 3 600s) = 1 6.20 kW / K 
Hence, the hot fluid is the minimum fluid, 

mill = ^- :i ^ 

For any exchanger, the heat rate is q = e q^^. where e depends upon the exchanger type. The 

maximum heat rate is q^.jr = {T^ - T c j). Hence, it is the conditions for the minimum fluid that 
limit the performance of the exchanger. 
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PROBLEM 11.13 



KXOTVN: Process (hot) fluid having a specific heat of 3500 J/kg-K and flowing at 2 kg/s is to be 

cooled from 80 S C to 50 S C with chi lied- water (cold fluid) supplied at 2.5 ks/g and 15°C assuming an 

2 

overall heat transfer coefficient of 2000 W.'m K. 

FES'D : Hie required heat transfer areas for the following heat exchanger configurations; (a) 
Concentric tube (CT) - parallel flow, [b) CT - counterflow, (c) Shell and tube, one-shell pass and 2 
tube passes; (d) Cross flow, single pass, both fluids unmixed. Use the IHT Tools Hear Exchanger 
models as your solution tool. 

SCHEMATIC: 




(a) Parallel flow hxer (b) Counterflow hxer 

ASSUMPTION'S: (1) Steady-state conditions; (2) Negligible losses to the surroundings. (3) Overall 
heat transfer coefficient remains constant with different configurations, and (4) Constant properties. 

ANALYSIS: The IHT Tools Hear Exchanger models are based upon the effectiveness-NTU method 
and suited for design-type problems. The table below summarizes the results of our analysis using the 
IHT models including model equations, figures, and the required heat transfer area. Hie cold fluid 

outlet temperature for all configurations is T c 0 = 35. 1°C. The IHT code for the concentric tube, 
parallel flow heat exchanger is provided m the Comments. 



Hear exchanger type 


Eqs. 


Figs 


A(m) 


(a) CT -Parallel flow 


11.2Sb 


11.10 


3.09 


0) CT -Counterflow 


11.29b 


11.11 


2.64 


(c) Shell and tube (1 - sp. 2 - tp) 


11.30b 


11.12 


2.83 


(d) Crossflow (1 - p, unmixed) 


11.32 


11 14 


2.84 



COMMENTS: (1) Referring to the tabulated results, note that for the concentric tube exchangers, the 
area required for parallel flow is 17% larger than for counterflow. Under what circumstances would 
you choose to use the PF arrangement if the area lias to be significantly larger 0 

(2) The shell -tube and crossflow exchangers require nearly the same heat transfer area. What are other 
factors that might influence your decision to select one type over the other for an application? 

(3) Based upon area considerations only, the CF arrangement requires the smallest heat transfer area. 
What practical issues need to be considered in making a CF heat exchanger with a 2.6 m" area 0 

Continued 
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PROBLEM 11.13 (Cont.) 



(4) The IHT code used for the concentric rube, parallel floiv hear exchanger is shown below. Note the 
use of the water property function. cp_Tx, and the intrinsic function, Tftitid_avg : to provide the 
specific heat at the mean water (cold fluid) temperature. 



I" Results - energy balance only 

Cc Cti Tco cc q Tci Ttii Tho ch 

■.Z^=± 7000 35.1 41B0 2.1 E5 15 SO 50 3500*/ 

Results of sizing 

A CR NTU eps 

3.67 D.6699 D.BB2 D.4615 V 

II Design conditions 

Ttii = 30 
Tho = 50 
mdoth = 2 
ch = 3500 
mdotc = 2.5 
Tc:= 5 
U=2O0G 

1.1 For the parallel -flow, concentric-tube heat exchanger. 

II For the parallel-flow, coficen1ric-tube heat exchanger, 
NTU = 4n(1 - ecs Y (1 + Cr)y(1 + CrJ II Eq 1 1 .26b 

II where the heat-capacity ratio is 
Cr = Crnin/Cmax 

II and the number of transfer units, NTU, is 

NTU = U *ACmin II Eq 11.24 

II The effectiveness is defined as 

eps = qfqma* 

qmax = Cmin , (Thi-Tci) II Eq 11.18, 11.19 

II See Tables 11.3 and 11. 4 and Fig 11.14 

Energy balances 
q = Cc * (Tco - Tci) 
c = Ch " :™N ■ "I'M 
Cc = mdotc 1 cc 
Ch = nidolh * ch 
Cmin= Ch 
Cmax = Cc 

II Water property functions: T dependence. From Table A.6 

II Units: T(K), p{bars): 

xc = 0 II Quality (0=sat liquid or 1 -sat vapor) 

cc = cpJTxf-'Wat.er", Tcm.xc) 9 Specific heat, Jfkg-K 

Tcm = TT1uid_avg(Tci l Tco) I! Mean temperature; K; intrinsic function 
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PROBLEM 11.14 

KNOWN: A shell and tube Fixer (two shells, four tube passes) heats 10,000 kg ; h of pressurized water 
from 35°C to 120°C with 5,000 kg/h water entering at 300°C. 

FEND: Required heat transfer area. A*. 
SCHEMATIC: 



r c , e --izcrc 




U-lSOOWf^-K 

5000 kg/h 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties. 

PROPERTIES: Table A- 6", Water (T c = 350 K) : c p = 4195 J/kg-K; Table A-6 t Water (Assume * 
150°C, T h * 500 K): c p = 4660 J/kg-K. 

ANALYSIS: For a shell and tube heat exchanger, we use the s - NTU method. An energy balance 
on the cold fluid yields 



q = m c c p c \ 



, 10,000 kg/h J 5 

(Tco-T c i =— — K4195 (120-35)K=9.905xl0 5 W. 

3600 s/h — v 



kg-K 



An energy balance on the hot fluid yields 



Th. 0 = V - q / m h c p;h = 300°C - 9.905 x 1 0 5 W / x 466 C 



■ = 147 0 C. 



kg-K 

Thus T h = (300 - 147)°C/2 = 497 K is the proper temperature for evaluating properties of the hot 
fluid. Then 

_ 10,000 kg/h 



C h = 



li - m h c p.h 



3,600 s/h 
_ 5,000 kg/h 



x 4 1 95 J/kg -K = 11,650 W/K 
x 4660 J/kg-K = 6470 W/K 



Cj /Cmav = 6470/11,650=0.555 



3,600 s/h 
--mill ' '-mas 

qma^ = Cmic Pig - T c , ) = 6470 W/K {300 - 35)°C = 1 .75 x 1 0 6 W 
£ = q'<W = 9-905 xlQ 5 W/1.72xlO e W =0.577 



FromEqs. 11.31c, 11.31b, and 1 1.30c, with n =2, 



sC r -l 

E-l 



,1/n 



1.2 7 . 



F-1 
F-C r 



= 0.376 



(1+C^) 1/2 



then from Eqs. 1 1 .30b and 1 1 .3 Id. 
Finally 



NTU = n (NTU) L = -n (1 + C^) 1 '' 2 ln ( |— j- ] = 1.10 
A= NTU x CWU= (1.10 x 6470 W/K)/(1500 W.-nr-K) = 4.75 nr 
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PROBLEM 11.15 

KNOWN: The shell and tube Fixer (two shells, four tube passes) of Problem 1 1 _14 : known to have an 
area 4.75m~. provide* 95°C water at the cold outlet (rather than 120 S C) after several years of 
operation. Flow rates aud inlet temperatures of the fluids remain the same. 

FEND: The fouling factor, Rf. 

SCHEMATIC: 

T4 



T hJ =300°C 
T Ct0 = 95'C 




*> m h --S000k g /h 



ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Thermal 
resistance for the clean condition is Rf = (1500 W/nC-K) -1 . 

PROPERTIES: Table A-6 T Water (T c a 33 S K): c p = 4187 J/kg-K; Table A-6, Water (Assume T Lo s 
190°C = T h si 520 K): Cp = 4840 J/kg-K. 

ANALYSIS: The overall heat transfer coefficient can be expressed as 

U = l/(R£ + Rf) or RJ=1/U-R T (1) 

where Rj is the thermal resistance for the clean condition and Rj- , the fouling factor, represents the 
additional resistance due to fouling of the surface. We use the e — NTU method as follows, 

C = m_c_ , = 10 '°° 0 kgih x 4187 Jfh> ■ K = 1 . 16 x 10 4 W/K 
p: 3,600 sh 

C h = rhhCo h = ~'°° 0 kg:h x 4840 J/kg ■ K = 6.72 xlO 3 W/K 
11 11 p - 3,600 s/h 

Cr = / Ciuax = 0.578 

qmax = Cmn^h,, - V.) = « ^ * 1C 3 W/K (300 - 35)°C = 1.78 x 10 6 W 
q = Cc(T c , 0 -T c .j)= 1.16 x 10 4 W/K (95-35)°C = 6.98 x 10 1 W 
e = q/qmax = 0.392 



Note, that T Li0 = T n .j- q/ C n = 196°C, so properties should be evaluated at 

= (T h | + T ko )/ 2 = 248°C = 521 K. ver>- close to the assumed value. From Eqs. 1 1 .3 1 and 1 1 .30, 
with n =2. 



E-1 

2,/ej -(1 + C r 

(i + c^) 1; - 



NTU = 



1.13, ei = 
= 6.09 

E-1 



F-l 
F-C r 



= 0.232. 



q:)" 1/2 lii 



E-1 



= 0.574 



Continued. . 
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PROBLEM 11.15 (Cant.) 

Thus : 

U= NTU * C V± JA= (0.574 « 6.72 * 10 3 W/K)/{4.75 m") =813 W/m 3 K 

From Eq. (1) 7 the fouling factor is 

R f = ^ — = 5.64xl0^ni 2 K/W. < 

S13W/m 2 -K 1500 W / in- -K 

COMMENTS: Note that the effect of fouling is to nearly double fU c | em .'U fol Ued = 1500/813 * 1.9) 
the resistance to heat transfer. Note also the assumption for Th, a used for property evaluation is 
satisfactory. 
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PROBLEM 11.16 



KNOWN: Inner tube diameter (D = 0.02 m) and fluid inlet and outlet temperatures corresponding to 
design conditions for a counterfiow, concentric tube heat exchanger. Overall heat transfer coefficient [U 
= 500 W/m K) and desired heat rate (q =3000 W). Cold fluid outlet temperature after three years of 
operation. 

FIND: (a) Required heat exchanger length, (b) Heat rate, hot fluid outlet temperature., overall heat 
transfer coefficient, and fouling factor after tliree years. 



SCHEMATIC: 



160 °C 




T co = 8Q°Cor65 °C 




Water 



T/, =140 oc 



T c j ~ 20 Q C 



ASSUMPTIONS: (1) Negligible lieat loss to the surroundings, (2) Negligible tube wall conduction 
resistance, (3) Constant properties. 

ANALYSIS : (a) The tube length needed to achieve the prescribed conditions may be obtained from Eqs. 
1 1 . 14 and 1 L 15 where AT = T sA - T, : ,, = S0' : C and ATi = T,. 0 - T cj = 1 20 D C. Hence, AT ]m = (120 - 
80)°C/ln{ 120/80) = 98.7°C and 



L = 



3000 w 



(xD } UAT lm (jt x o.02 m ) 500 w/ m 2 - K x 98.7°C 



= 0.968 m 



(b) With q = C c (T cfl - T c .i), the following ratio may be fonned m terms of the design and 3 year 
conditions. 

q _ CctTc.o-Tcj _ 60 ° C _ ^ 

q 3 C c fT Ci0 -T Cii J 3 45° C 

Hence. 

q 3 = q/1.33 = 3000 W/l. 333 = 2250 W 

Having determined the ratio of heat rates, it follows that 
q _ c h( T h,i- T h.o .! _ 20°C 
f i3 C h | T h l - T h 0 ) 3 160° C -T M(3) 

Hence. 

T h,o(3) = 160 3 C - 20 c c/l.333 = 145 C C 

With AT ml 3 = (125-95 j/jn (125/951 = 109 .3 °C . 

q 3 2250 W 



= 1.333 



U 3 



(yTDL)AT lm=3 , T (0.02m) 0.968 m(l09.3 c C] 



338 W 



K 



Continued.. 
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PROBLEM 11.16 (Cent.) 

With U = [(I/hi) + (l/h 0 )] _1 and U 3 = [(l/hO + (l/h 0 ) + Rf\ c ]~\ 

Rf r = — - = ';— — |m 2 K/W = 9.59xlO" 4 m 2 K/W 

■ U 3 U V 33S 500 J ' ' 

COMMENTS: Over tune fouling will always contribute to a degradation of heat exchanger 
performance. In practice it is desirable to remove fluid contaminants and to implement a regular 
maintenance (cleaning) procedure. 
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PROBLEM 11.17 



KNOYVN: Counter flow, concentric tube heat exchanger of Example 11.1; maintaining the outlet oil 
temperature of 60°C, but with variable rate of cooling water, all other conditions remaining the same. 

FIND : (a) Calculate and plot the required exchanger tube length L and water outlet temperature T c . 0 
for the cooling water flow rate m the range 0. 1 5 to 0.3 kg/?, and (b) Calculate U as a function of the 
water flow rate assuming the water properties are independent of temperature; justify using a constant 
value of U for the part (a) calculations. 

SCHEMATIC: 

Th j0 = 60°C 

Concentric tube, CF hxer 
Dj = 25 mm, L, U = 37.8 W/m 2 -K 

T n ,i = 30°C 




ASSUMPTIONS: (1) Steady- state conditions. (2) Negligible losses to the surroundings. (3) Overall 
heat transfer coefficient independent of water flow rate for this range, and (4) Constant properties. 

PROPERTIES: Table A-6, Water ( T c = 3 5°C = 308 k): c p = 4178 J / kg K, fi= 72 5 x 10" 6 

N ■ s / m 2 , k = 0.625 W / m K. Pr = 4.85, Table A-4, Unused engine oil (\ = 353 K): 
Cp =2131 J/kg-K 

ANALYSIS: (a) The NTU-e method will be used to calculate the tube length L and water outlet 
temperauire T C () using this system of equations in the IHT workspace: 

NTU relation, CF hxer, Eq. 11.29b 

WTU = -j— in C r =C^/C mill (1,2) 

C r -1 (<?C r -l) 

NTU = U-A/'C mm (3) 

A = jrBi-L (4) 
Capacity rates, find minimum fluid 

c h = m h c h = 01 kg/ s>= 2131 J/kg-K = 213.1 W -• K 

C c = inp c c = (0.1 5 to 0.30)kg / s x 4 1 78 J / kg -K = 626.7 -1253 W / K (5) 

c mm = c h ( 6 ) 

Effectiveness and maximum heat rate, Eqs. I LIS and 11. 19 

^q'qmax ( 7 ) 

Qmax = ( -rnm(^h,i _ Tc,i) =: ^c(^n,i ~~ ~^c,i) 00 



Continued 
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PROBLEM 11.17 (Ccmt.) 



q = c k( T h : i- T h,o) 



(9) 



With the foregoing equations and the parameters specified in the schematic, the results are plotted in 
the graphs below. 



"■t :fl:t'. :'^al:r ra* ra^ o' wqu red i>:ht-flf It' 




(b) The overall coefficient can be written in terms of the timer (cold) and outer (hot) side convection 
coefficients. 

U=l/(l/hi4l/h 0 ) (10) 
2 

From Example 1 1 . 1 , ho = 38.8 W. ; m -K, and h; will vary with the flow rate from Eq. 8. SO as 

\ = Kb (™i ; ' m i,b) ( n ) 

where the subscnpt b denotes the base case when rhj = 0.2 kg / s. From these equations, the results 
are tabulated. 

m c (kg / s) h t (W / in 2 - K j h 0 ( W / in 2 ■ K j U ( W / in 2 - K) 

015 1787 38.8 38.0 

0.20 2250 38.8 38.1 

0.25 2690 38.8 38.2 

0.30 J 112 38.8 38,3 

Note that while hi varies nearly 50%, there is a negligible effect on the value of U. 

COMMENTS: Note from the graphical results, that by doubling the flow rate (from 0. 1 5 to 0.30 
kg's). the required length of the exchanger can be decreased by approximately 6%. Increasing the 
flow rate is not a good strategy for reducing the length of the exchanger. However, any increase in the 
hot- side (oil) convection coefficient would provide a propomonal decrease in the length. 
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PROBLEM 11.18 



KNOWN: Concentric tube he.it exchanger with area of 50 m with operating conditions as shown on 
the schematic. 

FIND: (a) Outlet temperature of the hot fluid: (b) Whether the exchanger is operating in counterflow 
or parallel flow: or can't tell from information provided: (c) Overall heat transfer coefficient: (d) 
Effectiveness of the exchanger: and (e) Effectiveness of the exchanger if its length is made very long 

SCHEMATIC: 



Operating conditions 

ConcenLnc lube HXer, A = 50 in 2 

Hot fluid <h) Cold fljid (c) 

Capacity rate. kVWK 6 3 

|r|el tpn-peratura. ' : C BD $0 



T hi = 60°C 



Outlet temperature, :, C 




ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) Constant properties. 

ANALYSIS: From overall energy balances on the hot and cold fluids, find the hot fluid outlet 
temperature 

q = C c (T C;0 - T c 4 J = C h I T h ! - T ho ) 

3000 W/K (54-30)K = 6000(60-T U O ) T h 0 = 48°C 



(1) 
< 



(b) HXer must be operating in counterfLow (CF) since 1^ < T c 0 . See schematic for temperature 
distribution. 

2 

(c) From the rate equation with A = 50 uT. with Eq. (1) for q, 

q = C c (T Cj0 -T Cii ) = UAAT fm 



iT in 



AT! - AT, _ ( 60 - 54 ) K - (48 - 30 )K _ iQ ^ 



^m(AT 1 /AT 2 ) fti(6/18) 

3000 W / K (54 - 30) K = U x 50 m 2 x 10.9K 

U = 132 W/m 2 K 
(d) The effectiveness, from Eq. 11.19, with the cold fluid as the minimum fluid. C 
q _ Cc(Tc >0 -T^i) (54-30)K 



(2) 



£ = - 



= 0.8 



qmax CWfTj^-T^) (60-30)K 
(e) For a very long CF HXer, the outlet of the minimum fluid, C m i n = C~, will approach Tvj That is. 
1 — ^rnin (Tc,o — ^c,i ) — ^ Iniax s = 1 < 
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PROBLEM 11.19 



KNOWN: Specifications for a water-to-water heat exchanger as shown in the schematic including the 
flow rate, and inlet and outlet temperatures. 

FEND: (a) Design a heat exchanger to meet the specifications: that is. size the heat exchanger, and (b) 
Evaluate your design by identifying what features and configuration* could be explored with your 
customer in order to develop more complete, detailed specifications. 

SCHEMATIC: 




ASSUMPTIONS : (1) Negligible heat loss to surroundings. (2) Tube walls have negligible thermal 
resistance, (3) Flow is fully developed, and (4) Constant properties. 

ANALYSIS: (a) Referring to the schematic above and using the rate equation, we can determine the 
value of the UA product required to satisfy the design requirements. Sizing the heat exchanger 
involves determining the heat transfer area, A (tube diameter, length and number), and the associated 
overall convection coefficient, U, such that U x A satisfies the required UA product. Our approach 
lias five steps: (1) Calculate the UA product: Select a configuration and calculate the required UA 
product; (2) Estimate the area, A: Assume a range for the overall coefficient, calculate the area and 
consider suitable tube diameter(s); (3) Estimate the overall coefficient, U: For selected tube 
diameter(s), use correlations to estimate hot- and cold-side convection coefficients and the overall 
coefficient: (4) Evaluate first-pass design: Check whether the A and U values (U x A) from Steps 2 
and 3 satisfy the required UA product: if not. then (5) Repeat the analysis: Iterate on different values 
for area parameters until a satisfactory match is made. (U x A) = UA. 

To perform the analysis, IHT models and tools will be used for the e Been veness -NTU method 
relations, internal flow convection correlations, and thermophysical properties. See the Comments 
section for details. 

Step 1 Calculate the required UA. For the initial design, select a concentric tube, counterflow heat 
exchanger. Calculate UA using the following set of equations, Eqs. 11.29a, 

\_ l-«q>[-NTU(l-C t )] 

1-C r exp[-NTU(1-C r )] 

NTU = UA .' C jjjjjj C r = C llim ; C niax ( 2.3) 

£ = q q nlax %nax = ^-min ( Th,i — ) (4.5) 

where C = in Cp. . and c p is evaluated at the average mean temperature of the fluid, T m = (Tmi + 
Tj^ 0 )/2. Substituting numerical values, find 



£ = 0.464 NTU = 0.8523 q = 2.934x!0 6 W T^ o = 65.0 s C 



Continued . 
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PROBLEM 11.19 (t out.) 



UA = 9.62xl0 4 \V/K 



Step _? Estimate the area, A. From Table 11.2, the typical range of U for water-to-water exchangers is 
850 - 170D W/m"-K With UA = 9.61 9 x 1 Q 4 W/K, the range for A is 57 - 1 13 m 2 , where 

A = 7rD l LK (6) 

where L andTC are the length and number of tubes, respectively. Consider these values of D L with L = 
10 m to describe the exchanger: 



Ca-ie 


Dj (mm) 


Mm) 


N 


A(m") 


1 


25 


10 


73-146 


57-113 


2 


50 


10 


36-72 


57-113 


3 


75 


10 


24-48 


57-113 



Step 3 Estimate the overall coefficient, U. With the inner (hot) and outer (cold) fluids in the 
concentric tube arrangement, the overall coefficient is' 

l/U = l/h 1 +l/h 0 (7) 

and the h are estimated using the Dittus-Boelter correlation assuming fully developed turbulent flow. 
Coefficient, hot side, hj. For flow m the inner tube, 
4 m n j 

Re Dl = ' nih = rob ■ N ( 8 = 9 ) 

and the correlation, Eq. 8.60 with n = 0.3, is 

Nu j-, = = 0.037 ReJI 5 Pr 0J (10) 

where properties are evaluated at the average mean temperature. = (Tjjj +- \ Q )/ 2. 

Coefficient, cold side, h c . For flow in the annular space, D 0 - Di, the above relations apply where the 
characteristic dimension is the hydraulic diameter, 

Dh.o =4A C;0 /P 0 A ty) =*(Dg-D?)/4 P 0 =, T (D 0 +Di) (11-13) 

To determine the outer diameter D 0 , require that the inner and outer fluid flow areas are the same, that 

is, 

A,.,-A LC ffDf/4 = ff(D2-D?)/4 (14,15) 

Sitmmary- of the convection coefficient calculations. The results of the analysis with L = 10 m are 
summarized below. 

Continued 
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PROBLEM 11.19 (Coat.) 



Case 


Pi 


N 


A 


hi 


K 


U 


U x A 




(mm) 




■:m : :■ 


{W/m 2 K) 


(W/nT-K) 


(\\7m : K) 


W/K 


la 


25 


73 


57 


4795 


4S77 


241S 


1.39 xlO 5 


2a 


50 


36 


57 


2424 


2465 


1222 


6.91 x 10 4 


3a 


75 


24 


57 


1616 


ld44 


814 


4.61 x 10 4 



For all these cases, the Reynolds numbers are above 10.000 aid turbulent flow occurs. 

Step 4 Evaluate first-pass design. The required UA product value determined m step 1 is UA = 9.62 
4 

x 10 W/K. By comparison with the results in the above table, note that the U :< A values for cases la 
and 2a are. respectively, larger and smaller than that required. In this first-pass design trial we have 
identified the range of Dj andN (with L = 10 m) that could satisfy the exchanger specifications. A 
strategy can now he developed in Step 5 to iterate the analysis on values for D : and N. as well as with 
different L, to identify a combination that will meet specifications. 

(b) What information could have been provided by the customer to simplify' the analysis for design of 
the exchanger? Looking hack at the analysis, recognize that we had to assume the exchanger 
configuration (type) and overall length. Will knowledge of the customer's installation provide any 
insight 0 While no consideration was given in our analysis to pumping power limitations, that would 
affect the flow velocities, and hence selection of tube diameter. 

COMMENTS: The IHT workspace with the relations for step 3 analysis is shown below, including 
summary of key correlation parameters. The set of equations is quite stiff so that good initial guesses 
are required to make the initial solve. 



." Res Jits, Step 


3 - Di = 25 mm, U = 


73, L = 


10 m 




.A Do 


U UA 


Di 


L 


N 


57.33 D.03536 


2413 1 3BSE5 


D.025 


10 


73 


ReDi 


ReDo hD 


hDo 






5.3B4E4 


1.352E4 4795 


4377 


1 




.'* Res Jits, Step 


3-Di = 50 mm, N = 


36, L = 


10 m 




A Do 


U UA 


Di 


L 


N 


5655 0 07071 


1222 6.91 2E4 


D.05 


10 


36 


ReDi 


ReDo hC 


hDo 






5.459E4 


1.371E4 2424 


2^55 


f 




.'* Res Jits, Step 


3 - Di = 75 mm, N = 


24. L = 


10 m 




A Co 


U UA 


Di 


L 


N 


56.55 0.1061 


814.6 4.608E4 


D.075 


10 


24 


ReDi 


ReDo hC 


hDo 








'.?71Ei '51t 


1644 


V 





Input variables 

UTA = D.D50 
Di = 0.01? 
JJDi - u.075 
y/N = 36 
N = 73 

m = 24 

L = 1D 
mdoth = 26 
Thi_C = 90 

Ttio_C = 65.0 II Fiom Step 1 

rndotc = 27 
Tci_C = 34 
Tco_C = sa 

Continued 
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PROBLEM 11.19 (Coiit.) 



i'i' Flow rate and number of tubes, inside parameters (hot) 

mdoth = N * umi * rhoi * Aci 

Aci = pi * Di*2 14 

1/ U = 1 /hDi + 1/hDo 

UA = U * A 

A= pi 1 Di 1 L 1 N 

II Flow rate, outside parameters (cold) 
mdotc = rhoo " Aco T umo * N 

Aco = Aci II Make cross-sectional areas of equal sizE 

Aco = pi * (Do*2 - Di*2) / 4 

Che = ^ " Aco ■' P II hydraulic diameter 

P = pi * ( Di + Do) II wetted perimeter of the annular space 

II Inside coefficient, hot fluid 

N u Di = N jD_bar_IF_T_FD(F!e Di.Pri.n) y/ Eq 6 .60 

n = D. 3 II n = 0.4 or D.3 for Tsi>Tmi or Tsi-sTmi 

NuDi = h-Di* Dil ki 

ReDi = uni * D\l nui 

y* Evaluate properties at the fluid average mean temperature, Tmi. 'I 

Tmi = Tnuid_avg(Thi,Thoi 

y/Tmi=310 



II Outside coefficient, cold fluid 

NuDo = NuDJoarJ F_T_FD[ReDo , Pro. nn ) II Eq 3.&0 

nn = D.4 I! n = 0.4 or 0.3 for Tsi>Tmi or TsUTmi 

NuDo= hDo*Dho/xo 

ReDo= umo * Dho/ nuo 

y* Evaluate properties at the fluid average mean temperature, Tmo. "I 
Tmo = Tfluid_avg{Tci,Tco) 
yyTmo = 310 



IS Water property functions :T 

yy Units: T(K), p{bars); 
x = 0 

noi = rho_Tx(" Water", Tmi >:j 
nui = nu_Tx(" Water', Tmi x) 
ki = k_Tx("Water",Tmi.x) 
Pri = Pr_Tx{'VVater , ' : Tmi,j<} 
noo = rho_Tx{"vVater".Tmo,K) 
nuo = nu_Tx{"Water".Tmo,x) 
ko = k_Tx('Water , ',Tmo.x) 
Pro = Pr_Tx(" Water" ,Tmo,x) 



idence : From Table A.6 

yy Quality i'0=sat liquid or 1 =sat vapor) 
yy Density, kg/m*3 
II Kinematic viscosity, rrf-2/s 
II Therrra conductivity, W/m-K 
yy Prandtl number 
II Density, kg/nri^ 
II Kinematic viscosity. m*-2i$ 
II Thermal conductivity, W/m-K 
yyPrandli number 



II Conversions 
Thi_C = Thi - 273 
Tho_C = Tho - 273 
Tci_C = Tci - 273 
Tdo C = Tco - 273 
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PROBLEM 11.20 

KNOWN: CounterflcAV concentric rube heat exchanger. 

FES'D : (a) Total heat transfer rate and outlet temperature of the water antl (b) Required length. 
SCHEMATIC: 



i A 5~— — ' *c.o Concentric +ut>e; 

L — T Trff LL=60Wfm*X 
x f cJ =30L D=25*>m 

ASSUMPTIONS: (L) Negligible heat loss to surroundings, (2) Negligible thermal resistance due to 
tube wall thickness. 

PROPERTIES: (given) 

p(kg/m 3 ) c p (J.'kg K) v(m 2 /s) k(W/m-K) Pr 

Water 1000 4200 7 x 10"' 0.64 4.7 

Oil SOD 1900 1 x 10" 5 0.134 140 

ANALYSIS: (a) With the outlet temperature, T c . 0 = 6"0 = C. from an overall energy balance on the hot 
(oil) fluid, find 

q = rn h c h (T hl - T h o J = 0.1 kg / 5x1900 J / kg ■ K ( 100 - 60) C C = 7600 W. < 

From an energy balance on the cold (water) fluid, find 

T c,o = T c.i +q' m c c c = 30 ° c + 7600 w ■■' 0-1 kg /s x 4200 J .' kg-K = 48.1°C. < 

(b) Using the LMTD method, the length of the CF heat exchanger follows from 

q = UAAT^Qp = U(,tDL) AT^cf L = q ,' U(jtD) ATi^cp 

where 

AT to cr- ATl ~ AT2 J°°-^° C -('°°-^>- C = 4 0.0.c 
mi " L ^ ln(AT,/AT 2 ) ln(30/51.9) 

L = 7600 W / 60 W / m 2 - K(x x 0.025 m) x 40.0 C C = 40.3 m. < 

COMMENTS: Using the e-NTU method find Cmin = Ch = 1 90 W/K and Qaj S = C c = 420 W/K. 
Hence 

<W = Cmm ( T h,i " T c : .i ) = 1» W / K (100 - 30} K = 1 3, 300 W 
and s^q/'qmax = 0.571 . With C r = C^JC^ = 0.452 and using Eq. 1 1 .29b, 

NTU = ™L = - J-In '-£ZL ) = —^J ° 571 - 1 1 = 1.00 
c min c t~1 v^r- 1 ./ 0-452-1 ' v 0.571 x 0.452 -1 J 

so that with A = nDL, find L = 40.3 m. 
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PROBLEM 11.21 

KNOWN: Counterflaw, concentric tube heat exchanger undergoing test after service for an extended 
period of time; surface area of 5 ni~ and design value for the overall heat transfer coefficient of 
U d = 38 W/rn -K. 

FEND: Fouling factor, if any, based upon the test results of engine oil flowing at 0.1 kg/s cooled from 
110 C C to 66°C by water supplied at 25°C and a flow rate of 0.2 kg ; 's. 

SCHEMATIC: 




A = 5m 2 

U d = 38 W/m 2 -K 



ASSUMPTIONS: (1) Steady-state conditions. (2) Negligible losses to the surrounding;, (3) Constant 
properties. 

PROPERTIES: Table AS, Engine oil (T^ = 361 K): c = 2166 J/kg-K; Table A-6, Water 
f T c = 304 K, assuming T c o = 3 6°C ) : c = 41 78 J/kg K 

ANALYSIS: For the CF conditions shown in the Schematic, find the heat rate, q, from an energy 
balance on the hot fluid (oil); the cold fluid outlet temperature, T c o, from an energy balance on the 
cold fluid (water): the overall coefficient U from the rate equation; and a fouling factor, R. by 
comparison with the design value, U<i. 

Energy balance on hot fluid 

q = m h c h (T h ! -Tilo) = 0.1 kg / sx 2166 J / kg - K (1 10- 66)K = 9530 W 

Energy balance on the cold fluid 

1 = ™c c c f-to — 1c i). fi^d T c 0 = 36.4" C 

Rate equation 

q = UAAT fn=CF 



AT Ai,CF : 



(Th.i-T^o)-(Tk,o-T c ,i) _ (H0-364)°C-(66-25) D C 



^(Th,,-^)/^-^)]" *n[73.6/41.0] 



9530 W=Ux5m 2 x55.7°C 

U = 34.2 W/m 2 K 
Overall resistance including fording factor 
U = l/[1/U d +Rg] 



34.2. W/m K = l.. 



1/38 W/m 2 - K + 



Rjf] 



Rjf = 0.0029 m-.R/W 
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PROBLEM 11.22 



KNOWN: Inlet and outlet temperatures for a shell-and-tube heat exchanger with 10 tubes 
making eight passes. Heat transfer coefficient for oil flowing in shell. Mass flow rate of water in 
tubes. Tube diameter. 

FIND : Oil flow rate required to achieve specified outlet temperature. Tube length required to 
achieve specified water heating. 



SCHEMATIC: 

T hii =160 D C 

T 0iO = 85°C 




Shell and tube hx 
1 shell pass 
T^o - lOO^C 8 tube passes 
10 tubes 
D = 25 mm 
h D = 400 W/m 2 K 



m c = 2.5 kg/ s 



ASSUMPTIONS: (1) Negligible heat loss to die surroundings, (2) Constant properties, (3) 
Negligible tube wall thermal resistance and fouling effects. (4) Fully developed water flow m 
tubes. 

PROPERTIES: Table A. 5, unused engine oil: (T h = 130 D C): c P = 2350 J/kg-K. Table AA 
water (T c = 50°C): c, = 4181 J/kg-K, u = 548 x 10" 5 N s/m : , k = 0.643 W.mK,Pr = 3.5<5. 



ANALYSIS: From the overall energy balance, Eq. 1 1.7b, the heat transfer required of 
the exchanger is 

q = m c c PiC (T c , 0 - T C;1 ) = 2.5 kg / s x 4 1 8 1 J / kg - K(85 - 1 5)°C = 7.3 1 7 x 10 5 W 
Hence from Eq. 11.6b, 



m h 



7.317 <1Q 3 W 



c p.h (Th,i - Th ; o) 23 50 J /kg .£(160 - 100)°C 



5.19 kg/s 



The required tube length may be obtained using the e-KTU method. We first calculate the heat 
capacity rates. C n = ihh c p,h = 12,195 W7K, C c = m c c PjC =l 0,453 W/K. Thus. C n = C c . and 
C r = CwJCan =0.857. Then from Eq. 11.21, 



E = \o-T c , = (g 5-15rC =0 _ 4ffl 



Th,i-T Csl (160-15)°C 
Using Eqs. 1 1 .30b.c for one shell pass and an even number of tube passes, we find 



Continued... 
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PROBLEM 11.22 (Cant.) 

_ 2/E-(l + C r ) _ 2/0.483- (1 + 0.857) ^ 
(1 + C 2 ) 1/2 (1 + 0.857 2 ) 1 ' 2 

NTU = -(1 + C 2 ) _1 ''' 2 ln;^- ] = -(! + 0.857 2 ) -1 ''' 2 lu; 1 - y4 ~ 1 I = 0.997 

Thus UA = NTUxC'mic = 10,420 W/K. To find the required tube length, we must know the heat 
transfer coefficients for the water flow. We calculate the Reynolds number, with mi = /N = 
0.25 kg's defined as the water flow rate per tube, Eq. 8.6 yields 

Re D =^L = 4x0.25 Ig/, T = 23,234 

kD Mc 71(0-025 m)548 xlO N- s/m 2 

Hence the flow is turbulent, and fromEq. S.60. 

Nu D = 0.023 Re 4 }'' 5 Pr 0 " 4 = 0.023(23, 234) 4 '' 5 (3. 5 6)° 4 = 119 



and 



h c= ^Nu D = °- 643 W/m - K 119 = 3060 W/m 2 -K 
c D u 0.025 m 

Hence U= [1/h- - l/h t ]~ ] = 354 W/'nv-K and we can find the required tube length from 



UA 10.420 W/K 

: 37.5 m 



UNjiD 3 54 w / m 2 - K x 1 0 x n x 0.025 m 

COMMENTS : (1) With L/D = 1516, the assumption of fully developed conditions throughout 
the rube is justified. (2) With eight passes, the shell length is approximately L.'S = 4.7 m. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 11.23 



KNOWN: Flow rates and mlet temperatures for automobile radiator configured as a cross-flow heat 
exchanger with both fluids unmixed. Overall heat transfer coefficient. 

FIND: (a) Area required to achieve hot fluid (water) outlet temperature, T m ,o = 330 K. and (b) Outlet 
temperatures. Ft, it , and T Ci0r as a function of the overall coefficient for the range. 200<U< 400W/ni-K 
with the surface area A found in part (a) with all other heat transfer conditions remaining the same as for 
part (a). 

SCHEMATIC: 




m Jf = 0.05 kgte 



U = 200 W/m^K 



ASSUMPTIONS: ( 1) Negligible heat loss to surroundings, (2) Constant properties. 

PRO PERTHES : Table A. 6, Water [ = 365 K): c pjl = 42.09 J/kg-K; Table A. 4._ Air (f , ' z as 3 1 0 K ) : 
= 1007 J/kg-K. 

ANALYSIS : (a) The required heat transfer rate is 

q = rii h c p h (T h l -T h;0 ) = 0.05 kg/s (4209 J/kg- K)70K = 14, 732 W . 



Cmax=C c = 755.25 W/K. 



Using the s -NTU method, 

Cmin=Ch= 210.45 W/K 
Hence. OWC ai^ =0.279 and 

W = Cnnn (T h ,i "T C;1 ) = 210.45 W/K (100 K) = 2L 045 W 
£ = <l/<lmax = 14, 732 W/2 L 045 W = 0. 700 . 
Figure 11.14 yields NFL" * 1.5. hence, 

A = NTU(C lnm /U) = 1.5 x 210.45 W/K^200w/m 2 -kJ = 1.58i 

(b) Using the IHT 'Heat Exchanger Tool for Cross-flow with both fluids unmixed arrangement and the 
Properties Tool for Air and Water, a model was generated to solve pan (a) evaluating the efficiency using 
Eq. 11.32. The following results were obtained: 



< 



A = 1.516m i 



NTU = 1.441 



T C-0 =319.5K 



Using the model but assigning A = 1.516" nr. the outlet temperature Tb i0 and T;.„ were calculated as a 
function of U and the results plotted below. 

Continued... 
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PROBLEM 11.23 (Cont.) 



350 

With a higher U, the outlet temperature of the 
hot fluid (water) decreases. A benefit is 
enhanced heat removal from the engine block 
and a cooler operating temperature. If it is 
desired to cool the engine with water at 330 K, 
the heat exchanger surface area and, hence its 
volume in the engine component could be 
reduced. 

20a 3J» 4LL 
Ccld njfc ;al^.Tca (-^i 

CCWIMENIS: (1) For the results of part (a), the air outlet temperature is 

T c>0 = T C1 + q/C c = 300 K + (14, 732 W/755 .25 W/K ) = 3 1 9.5 K . 



(2) The IFfT workspace with the model to generate the above plot is shown below. Note that it is 
necessary to enter the overall energy balances on the fluids from the keyboard. 

Heat Exchanger Tool - Cross-flow with both fluids un inked: 

// For the cross-flow, single-pass heat exchanger with both fluids unmixed. 
eps = 1 -exp[(1 fCr) , iNTU\).22)'i:e)io{-Cr*HTU J, <1.78)- 1)) // Eq 11.32 
It where ttie heat -capacity ratio is 
Cr = Crnin I Cnnax 

// and the number of transfer units, NTU, is 
NTU = U * A / Crnin //Eq11 .24 

// The effectiveness is defined as 
eps = q I qmax 

qmax = Crnin * (Thi - Tci) // Eq 11.18, 11.19 

// See Tables 11.3 and 11.4 and Fig 11.14 
/.■'Overall Energy Balances on Fluids: 
q = riKtotti , cph*iThi-Tho) 
q = nKlotc * cpc * (Tco -Tci) 
//Assigned Variables: 

Crnin = Ch // Capacity rate, minimum fluid, 'JV/K 

Ch = mdoth * cph // Capac ty rate hot fluid. W/K 

mdotti = 0.06 // Flow rate, hot fluid, kg/s 

Thi = 400 /'Inlet ten- seratu re hot fluid. K 

Tho = 33D //Outlet temperature . hot fluid , K; specified for part (a) 

Cmax = Cc // Capacity rate, maximum fluid. WK 

Cc = rndotc * cpc // Capac ty rate co d fluid. W/K 

nidotc = D.75 // Flow rate, cod fluid, hg/s 

Tci = 30D // Inlet ten-oerature, cold fluid, K 

U = 200, ft Overall coefficient. Wrtrr^.K 

// Properties Tool - Water (ti) 

//Water prooerty functions :T dependence, From Table A. 6 
// Units: T(K), p(bars); 

xh = 0 // Duality i'0=sat liquid or 1 =sat vapor) 

rhoh = rho_TKrWater",Tmh,xh) // Density,' kg/m*3 

cph = cp_Tx("Water",Tmh,xh} // Specific heat, J/kg-K 

Tmri - Tfluid_avg(Thi,Trio ) 

// Properties Tool - Air(cJ 

// Air property functions : From Table A.4 

// Units: T(K); 1 arm pressure 

rhoc = rho_T{"Air" ,Tmc) // Density, kgim f -3 

cpc = cp_T( 'Air" Tmc! // Specific heat, J/kg-K 

Tmc = Tfluid_avgiTci,Tco) 
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PROBLEM 11.24 

KNOWN: Flowrates and inlet temperature 5 of a cross-flow heat exchanger with both fluids unmixed. 
Total surface area and overall heat transfer coefficient for clean surfaces. "Fouling re sistanee associated 
with extended operation. 

FIND: (a) Fluid outlet temperatures, (b) Effect of fouling, (c) Effect of UA on air outlet temperature. 
SCHEMATIC: 

m c = 5 kg/s 
T C/ = 300 K 



/ 



m h = 1 kg/s 

7" W =80DK 



\ 



U = 35 W/m 2 -K 
^° A = 25 m 2 

R' f = 0.004 m 2 -K/W 



ASSUMPTIONS: (1) Negligible beat loss to surroundings, (2) Constant properties. [3) Negligible tube 
wall resistance. 

PROPERTIES: Air and gas (given): c P = 1040 JVkg-K. 

ANALYSIS : (a) With C™ = C h = 1 kg/s x L040 J.'kg K = 1040 W/K and C m , x = Q = 5 kg-'s x 1040 
J/ks-K = 5200 W/'K, CWQ™,, = 0-2. Hence. NTU = UA/Q™ = 35 W/m 1 -K(25 m 2 )/l 040 W.'K = 0.841 
and Fig. 1 1 14 yields e * 0 57. With C^fT^ - TJ = 1040 W/K(500 K) = 520,000 W= q^, Eqs. 
(11.20) and (11.21) yield 



T h,o = T h.i- £( itiiax/ c h =800K-O.57(520,000W)/l040W/K = 515K 
T c.o ~ T c,i + ff( w/ C c = 30GK + 0.57(520, 000W)/5200W/K = 357K 



< 
< 



(b) With fouling, the overall heat transfer coefficient is reduced to 

U f = /u _1 + j 1 = • ( 0.029 - 0.0O4 ) m 2 ■ K/W 1 = 30.7 w/m 2 



K 



This 1 2-°-Q reduction in performanc e is large enough to justi fy cleaning of the tubes. < ~ 

(c) Using the Heat Exchangers option from the EHT Toolpad to explore the effect of UA. we obtain the 
following result. 




9QD 130S 17DD 2 TOD 



The heat rate, and hence the air outlet temperature, increases with increasing UA, with T c . a approaching a 
maximum outlet temperature of 400 K as UA — * x and s — 1. 

COMMENTS: Note that, for conditions of part (a), Eq. 11.32 yields a value of s = 0.538, which reveals 
the level of approximation associated with reading s fromFig. 11.14. 
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PROBLEM 11.25 



KNOWN: Cooling milk from a dairy operation to a safe- to- store temperature. T^ = < 1 3 C C. using 
around water in a couirterflow concentric tube heat exchanger with a 50-mui diameter inner pipe and 
overall heat transfer coefficient of 1000 W/m^ K. 

FIND : (a) The UA product required for the chilling process and the length L of the exchanger, (b) 
The outlet temperature of the groundwater, and (c) the milk outlet temperatures for the cases when the 
water flow rate is halved and doubled, using the UA product found in part (a) 

SCHEMATIC: 



T hJ = 38 .6° C 




U = 1000 W/m^K 
D = 50 mm 



ASSUMPTIONS: (1) Steady- state conditions. (2) Negligible heat loss to surroundings, and (3) 
Constant properties. 

PROPERTIES : Table A-6, Water (T c = 28 7 K, assume T c 0 = 1 S 3 C ) : p = 1 000 kg / m 3 , 



c p = 4187 J / kg-K, Milk (given): p = 1030 kg / 



m J , c p = 3860 J /kg-K. 



ANALYSIS: (a) Using the effectiveness-NTU method, determine the capacity rates and the minimum 
fluid. 

Hot fluid, milk: 

= ptffk = 1030 kg/ m 3 x 250 liter / h x 10" 3 m 3 / liter x 1 h. 3600 s = 0.0715 kg ■ s 
Ch = m h c h = 0.0715 kg / s x 3860 J / kg ■ K = 276 W / K 
Cold fluid, water: 

C c = = 1000 kg / m 3 x f 0.72 / 3600 in 3 / s] x 4187 J ■■' kg - K = 837 W/K 



It follows that C ml3 = Cji- The effectiveness of the exchanger from Eq. 11.20 is 

q C h'-^-\.o\ (38.6-13)K _ 0S?J 
qmax C tmn (T h>1 -T Cil ) (38.6- 10)K 



The NTU can be calculated from Eq. 1 1 .29b, where C r = CmJCn 



0.330, 



NTU : 



1 



C r -1 



-in 



£-1 

£C r -l 



1 / 0.895-1 \ 

NTU = la = 2.842 

0.330-1 I 0.895x0.330-1 J 



(2) 



C'0:'.tni'.:ed 
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PROBLEM 11.25 (Coiit.) 

FromEq. 11.24, find UA 

[UA] = NTU-Cmin = 2.842 x 276 W7 K = 785 W/ K < 
and the exchanger tube length with A = t DL is 

L = [UA] / zDU = 785 W / K / >t0.050 m x 1 000 W / m 2 ■ K = 5.0 m < 

(b) The water outlet temperature, T c o , can be calculated from the heat rates, 

C h ( T h,i ~ T h ; o ] = c c ( T c,o ~ T c,i ) P) 
276 W7 K (3E.6-13)K = E37 W / K (T c 0 - 10)K 

T C0 = 18.4°C < 

(c) Using the foregoing Eqs. (1 - 3) in the JHX workspace, the hot fluid (milk) outlet temperatures are 
evaluated with UA = 7S5 W/K for different water flow rates. The results, including the hot fluid outlet 
temperatures, are compared to the base case, part (a). 

Case C t (W/K) T Cr0 pC) T Ko f°C) 

-.. halved flow rate 419 14.9 25.6 

Base, part (a) Si 7 13 IS. 4 

1 doubled flow rate 1675 12.3 14.3 

COMMENTS: (1) From the results table in part (c), note that if the water flow rate is halved, the 
milk will not be properly c lulled, since T^q — 14.9°C > 1 3°C. Doubling the w r atex flow rate reduces 
the outlet milk temperature by less than 1°C. 

(2) From the results table, note that the water outlet temperature changes are substantially larger than 
those of the milk with changes in the water flow rate. Why is this so? What operational advantage is 
achieved using the heat exchanger under the present conditions? 

(3) The water thermophysical properties were evaluated at the average cold fluid temperature, 

T c = |T C i + T c 0 J / 2. We assumed an outlet temperature of 1 S"C, which as the results show, was a 

good choice. Because the water properties are not highly temperature dependent, it was acceptable to 
use the same values for the calculations of part (c). You could, of course, use the properties function 
in IHT that will automatically use the appropriate values. 
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PROBLEM 11.26 



KNOWN: Flow rate, inlet temperatures and overall heat transfer coefficient for a regenerator. 
Desired regenerator effectiveness. Cost of natural gas. 

FIND : (a) Heat transfer area required for regenerator and corresponding heat recover}' rate and outlet 

temperatures, (b) Annual energy and fuel cost savings. 

SCHEMATIC: 

1 TKr = 70°C 



c 



U = 2000 W/m 2 -K 
e = 0.50 




rtih = 5 kg/s 



ASSUMPTIONS: (a) Negligible heat loss to surroundings, (b) Constant properties. 
PROPERTIES: Table A-6. water ( T m = 310K ) : c p = 41 78 J / kg -K. 

ANALYSIS: (a) With Q = 1 and e= 0.50 for one shell and two tube passes. Eq. 1 1 ,30c yields E = 
1.414. With Cmm = 5 kg/s x 4178 J/kg K = 20.890 W/K. Eq. 1 1.30b then yields 
Cmm In [(E - 1) /(E + 1)] 20. S90 W / K In (0. 1 7 1) 



A = - 



U 



■,1/2 



(l + C?)" 

With s= 0.50, the heat recovery rate is then 

q=£C nm (T h>1 -T C;1 ) = 679,000 W 
and the outlet temperatures are 



2000 W/ m 2 K 1-414 



- = 13. 05 hi 



:T ci+: 



::°C + - 



679, 000 W 
20. 890 W/K 

q ,„„„ 679, 000 W 

Th o = Th i — — = 70°C : 

n '° ni C h 20. 890 W/K 



= 37.5°C 



(b) TTie amount of energy- recovered for continuous operation over 365 days is 

AE = 679.000Wx365d/yrx24h/dx3600s h = 2 14xl0 I3 J. >t 
The annual fiiel savings S^ is then 



S A =- 



AExC 



ns 



n 



2.14 k 10' MJ/yrxS0.0075/MJ 

6T9 



= SI 78,000 /yr 



COMMENTS: (1) With C c = C- 3 . the temperature changes are the same for the two fluids, (2) A 
larger effectiveness and hence a smaller value of A can be achieved with a counterflow exchanger 
(compare Figs. 11.11 and 11.12 for C r = 1). (c) The savings are significant and well worth the cost of 
the heat exchanger. An additional benefit is that, with Th.o reduced from 70 to 37.5°C, less energy is 
consumed by the refrigeration system used to restore it to 5°C. 
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PROBLEM 11.27 



KNOWN: Heat exchanger ill car operating between warm radiator fluid and cooler outside air. 
Effectiveness of heater is e - iii ail ' since water flow rate is large compared to that of the air. For 
low-speed fan condition, heater warms outdoor air from 0°C to 30°C. 

FES'D: (a) Increase in heat added to car for high-speed fan condition causing m n j f to be doubled 

while inlet temperatures remain the same, and (b) Air outlet temperature for medium-speed fan 
condition where an flow rate increases 50% and heat transfer increases 20%. 

SCHEMATIC: 



ASSUMPTIONS : (L) Negligible heat losses from heat exchanger to surroundings, (2) T^i and T c i 
remain fixed for all fan-speed conditions, (3) Water flow rate is much Larger than that of air. 

ANALYSIS: (a) Assuming the flow rate of the water is much larger than that of air. 



Fan- 




*- min - m air c p,C' 
Hence, the heat rate can be written as 



1 — ^Inias — ^min (^h.i ^c,i ) — ^ ' nl air c p.air (' 1 h,i ^i ) - 



Taking the ratio of the heat rates for the high and low speed fan conditions, find 




= 1.74 



< 



where we have used s ~ rh^,.' and recognized that for the high speed fan condition, the air flow rate 

is doubled. Hence the heat rate is increased by 74%. 

(b) C onsidering the medium and low speed conditions, it was observed that, 



<lmed _ t 2 ( aur ! med _ 

L Uo ( m air)i 0 



To find the outlet air temperature for the medium speed condition, 




1.2 = 




T co =24 D C. 



< 



(30-0°C) 
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PROBLEM 11.28 

KNOWN: Counterflow heat exchanger formed by two brazed tubes with prescribed hot and cold 
fluid inlet temperatures and flow rates. 

FIND : Outlet temperature of the air. 

SCHEMATIC: 

&r l0 < ... ^ ■ .... : ..,. Vi , .. 



ASSUMPTIONS: (L) Negligible loss/gain from tubes to surroundings, (2) Flow in tubes is fully 
developed since L'Dfc, = 40 m/O.D30m = 1333. 

PROPERTIES: Table A-6, Water (T h =335 K): c h = c p]l = 41Bo" J.'kg-K u = 453 x 10" & N-s/m. 2 , k = 
0.656 W/m-K, Pr = 2.ES: Table A-4. Air (300 K): e c = c p c = 1007 J/kg-K : n = 184.fi x 10" 7 N-s/m 2 , k = 
0.0263 W/m-K, Pr = 0.707: Table A-J, Nickel (T = (23 - 85)°C/2 = 327 K): k = 88 W/m-K. 

ANALYSIS: Using the NTU - s method, from Eq. 1 1 .29a, 




Estimate "LA from a model of the tubes and flows, and determine the outlet temperature from the 
expression 

£ = C c ( T c o - T c j ) / C ln [ n (T^ i - T c j ). (4) 

4mi, 4 < 0.04 kg s 
Watei ■side : Re D = = = ^— ; T = 11,243. 

xDv a-xO.OlOmx 453x10 G N s/m- 
The flow is turbulent and since fully developed, use the Dittus-Boelter correlation, 

Nu h =hj 1 D/k = 0.023Rep 8 Pr°- 3 =0.023(1 1,243 )°" 8 (2.88)°- 3 = 54.99 

h h = 54.99 x 0.656 W / m - K / 0.0 lm = 3, 607 W / rn 2 ■ K. 

Air-sit, Re D = ^ = 4x0,120 kg/s -=275,890. 

TiUfi a-KO.030mxlE4.6xlO 'N-s/ui 2 

Hie flow is turbulent and since fully developed, again use the correlation 

Nu~ c =h c D/k = 0.023 Ref^Pr 0 - 4 = 0.023 (275, 890 ) 0 S (0.707 f A = 450.9 

h c = 450.9x0.0263 W7m-K/0.030ni = 395.3 W/rn 2 K. 

Overall coefficient: From Eq. 11.1, considering the Temperature effectiveness of the tube walls and the 
thermal conductance across the brazed region. 

Continued 
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PROBLEM 11.2S (Cont.) 
Ill 



UA ( % liA) h Kj-L (^ 0 hA) c 

where r| 0 needs to be evaluated for each of the tube*. Note that each tube can be viewed as two fins of 
length kD:1. However, since the fins exchange heat on only one side, they can be combined into a 
single fin of Length ttD/2 and thickness 2t exchanging heat on both sides. 

Waterside, temperature effectiveness: A^ = ffD u L = 71 (0.0 10m ) 40m = 1.257 m 

^o.h = H ,h = tanb - ( niL h ) n^h 111 = { n h p ' 2 = (^h 'let) 1 ' 2 

m = 1 3607 W / in 2 ■ K / £8 W / m-Kx 0.002m) 1 ' 2 = 143.2 m _1 

and with = 0.5 %T\, = ranh(L43.2 m" 1 x 0.5 k x 0.010m)/143.2 m" 1 x 0.5 ti x 0.010 m = 0.435. 

Air-side temperature effectiveness: = ttD c L = 7t(0.030ui)40m = 3.770 m" 

1?qc =rj f c =tanh(inL c }/mL c m = [395.3 W/m 2 -K/8S W/m ■ Kx 0.002m] 1 ' 2 = 47.39m" 1 

and with U = 0.5rr.D c , r| 0; c = tanh{47.39 m" 1 x 0.5 n x 0.030m)/47.39 m" 1 x 0.5 n x 0.030m = 0.438. 
Heuce. the overall heat transfer coefficient using Eq. (5) is 
11 1 1 



"L"A 0.435* 31507 W/m 2 -Kx 1.157m 2 100 W/ an- K (40m) 0.433x395.3 W/m 2 -Kx3.770m 2 

UA = | S.070xl0 _4 + 2.50»:10 _4 + 1.533xl0 _3 j * W/K = 437 W/K. 
Evaluating now the Aeaf exchanger effectiveness from Eq. (1) with 

Cjj = tii n c n = 0.040kg / s x 4186 J / kg ■ K = 167.4 W / K <— C^y, \ r _ r r _ n - -. -. 
C c =111^ =0.1 20kg/ sx 1007 J7kgK = 120.8 W/K^-C^ j L r -^min' L inax - u ' — 

UA 437 W/K l-expf-3. 62(1- 0.722)1 

NTU = -^= =3.62 £ = 1 r 1 =0.862 

c mm 120.8 W/K 1 - 0.722 exp [-3 .62 (1-0.722)] 

and finally from Eq. (4) with Qaiu = C c , 
C c (t cq -23°C) 

0.862= — - T co = 76.4°C < 

C C (S5-23)°C 

CtADHNTS: (1) Using overall energy 7 balances, the water outlet temperature is 

T h,o = T h,i+( c c /c h) (T C)0 -T c .i) = 85°C-0. 722 (76.4 -23) °C = 46.4°C. 

(2) To initially evaluate the properties, we assumed that ^ 335 K and T c % 300 K. From the 

calculated values of Th.o and T c .o, more appropriate estimates of and T c are 338 K and 322 K, 

respectively. We conclude that proper fhermophysical properties were used for water but that the 
estimates could be improved for air. 
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PROBLEM 11.29 



KNOWN: Twin- tube coiinterflow heat exchanger with balanced flow rates, hi = 0.003 kg-'s. C old 
airstreain enters at 2.80 K and must be heated to 340 K. Maximum allowable pressure drop of cold 
airetream is 10 kPa. 

FIND: (a) Tube diameter D and length L winch satisfies the heat transfer and pressure drop 
requirements, and [b) Compute and plot the cold stream outlet tempera ture T co , the heat rate q, and 
pressure drop Ap as a function of the balanced flow rate from 0.002 to 0.004 kg/s. 

SCHEALVTIC: 



T =340K 





Copper tubes 

"h J m o 

m 6 = 0.003 kg/s T c j = 280 K 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss to surroundings, (3) Average 
pressure of the airstreams is 1 atm, (4) Tube walls act as fins with 100% efficiency, (4) Fully developed 
flow. 

PROPERTIES: Table A.4, Air{T m = 310 K, 1 atm) : p = 1.128 kg-W. c, = 1007 J/kg-K, ,u = 18.93 x 
10" 4 m 2 / s, k = 0.0270 W/m-K, Pr = 0.7056. 

ANALYSIS: (a) The heat exchanger diameter D and length L can be specified through two analyses: (1) 
heat transfer based upon the effectiveness-NTU method to meet the cold air heating requirement and (2) 
pressure drop calculation to meet the requirement of 10 kPa. The heat ti'ansfer analysis begins by 
determining the effectiveness from Eq. 11.21, since C^d = and C = 1 . 



q C(T co -T ci ) (340- 280) K 



qmax C(T ;l T, , } (360 - 280)K 



= 0.750 



From Table 1 1.4, Eq. 11.29b for Q=\, 
s _ 0.750 _ 3 



NTU = 

1 - s 1 - 0.750 
where NTU, following its definition, Eq. 1 1 .2.4, is 

UA 
NTU = 



(1) 

(2) 
(?) 



with 



Cmiu =mc p = 0.0 03 kg/s x 100 7 J/kg-K = 3.02 IK/ W 



(4) 

Continued... 
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PROBLEM 11.29 (Cone.) 

and l/UA represents the thermal resistance between the two fluids at and as illustrated in the 
above- right schematic. Since the tube walls are isothermal, it follows that 

l/UA = l/h c A + l/h h A (5) 

and since the flow conditions are nearly identical h c = h^ so that 

U = 0.5h (6) 

where the heat transfer area is 

A = ,tDL (7) 

This is a consequence of the assiimption that the walls act as fins with 100% efficiency. Hence, Eq. (3) 
can now 1 be expressed as 

0.5hf?rDLl 

3 = 



3.021 K/W 

hDL = 5.7697 (S) 
Assuming an average mean temperature T m c = 3 1 0 K . characterize the flow "with 

4m 4>:Q.0G3kg/s 201.75 
Re D = = ^ (9) 

' 7 °A -rxDx 18.93 xl0~ 6 m7<, D 

and assuming the flow is both turbulent and fully developed using the Colbnm correlation, Eq. 8.59, 

— hD QS I/a 

Nud = 0.023 Ref, Pr 

k 

hD = 0. 023 x 0.0 270 W/m K (201 78/D ) 0 8 ( 0. 7056 f 1 3 

hD LS = Q.03S6 (10) 
The pressure drop for fully developed flow\ Eq. 8.22a, is 
2 

Ap^f^L (11) 
2D 

w here the mean velocity is Um = iii/{pjtD"/4) so that 

MmfpxD 1 ) 2 !. B m 2 L 
Ap=f— ■- f - 

S r ( 0.003 Ws) 2 L -6,-5 
Ap -f- ^ — - = 6.467x10 f LD 5 (12) 

jt 2 (U28kg/m J )D 5 

Recall that the pressure drop requirement is ip = 10 kPa = 1 0 4 N.-'m 1 , so that Eq. (12) can be rewritten 

as 

fLD -5 =1.546 xlO 9 (13) 

Continued.. 
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PROBLEM 11.29 (t out.) 

For the Reynolds number range, 3000 < Reo < 5 *10 3 . Eq. E.21 provides an estimate for the friction 
factor. 



f = [( 0.790^n (Re^)-!. 64)] 2 
f = [(0.790&i(201.78/D) -1.64)]" 



(14) 



In the foregoing analysis, there are 4 unknowns (D, L, f h) and 4 equations (8, 10, 13, 14). Using the 
IHT workspace, find 

D = 8.9mm L = 3.4m f = 0.0253 h=189w/m 2 K 

Fortius configuration, Re^ = 22,600 so the flow is turbulent and since L/D = 3.4/0.0089 = 380 » 10, the 
fully developed assumption is reasonable. 

(b) The foregoing analysis entered into the IHT workspace was used to determine T c . 0 . q and Ap as a 
function of the balanced Eow rate, hi . 




0.002 D.D03 0.0D4 

Flow rats, mtfct (kjfc; 




0.002 ;;c; o.oim 

Flow rate, rrorJt (kg'sj 



% 

5 



0.0D2 D.D03 D.D24 

Flow rate, mdrjt [kp^sj 



The outlet temperature of the cold air, T :o , is nearly insensitive to the flow rate. It follows that the heat 
rate, q, must be nearly proportional to the flow rate as can be seen in the q vs. m plot above. The 
pressure drop varies with the mean velocity squared. 
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PROBLEM 11.30 

KNOWN: Dimensions and thermal conductivity of twin-tube counterflow heat exchanger. Contact 
resistance between tubes. Alt mlet conditions, for one tube and pressure of saturated steam in other 
r.:be. 

FIND: Air outlet temperature and condensation rate. 

SCHEMATIC: 

p=5atm (~Airp~ 
T m i = 17°C 
m = 0.03 kg/5 

Steel tubes 

k = 60 VWm-K 

t = Q.004 m 
D, = 0.05 m 





Steam 
















"■""Air 












tD > 



ASSUMPTIONS : (1) Negligible heat exchange with surroundings, (2) Fully developed air flow, (3) 
Negligible fouling, (4) Constant properties. 

PROPERTIES: Table A-4, air (T c a 325 K, p = 5 ami ) : c p = 1008 J/kg-K, ft= 196.4 x 10" 7 

N s/m 2 , k = 0.0281 W/m-K, Pr = 0.703. Table A-6, sat. steam (p = 2.455 bar): T h i = T^ 0 = 400 K, h fg 
= 2183kJ/kg. 



ANALYSIS: With oc, Q = 0 and Eqs 11.21 and 1 1.35a yield 

•to — ^c.i 



:l-exp(-NTU) 



From Eq. 11.1, 
1 



1 



(1) 

(2) 



With Re D = im/mDifl = 0.12 kg/s/?r(0 05m)196 4 x 10 7 N s/rn 2 = 38,900. the air flow is 
turbulent and the Ditnis-Boelter correlation yields 

'0.0281 W.'mK' 



'■fD 



k 



0.023 Re^Pr 0 ' 4 < 



C 55m 



0.023 ( 3 S, 900 ) 4 ' 5 ( 0.703 ) 0 - 4 



52.7 W/m K 



As shown on the inset, each tube wall maybe modelled as two fins, each of length Lf .« it Di/2 = 
0.0 78 5m. The total surface area for heat transfer is A : = k DiL = 0.785 m~ = A- which is equivalent 
to the surface area of the fins. With NAf = A t from Eq. 3.1 02, r\ 0 = r\f. Because the outer surface of 
the tube is insulated, a wall thickness of 21 must be used in evaluating r\f. With m = (2h/k x 2t) L = 

(Met) 1 '' 2 = [52.7 W/m 2 K/(60 W/m-K x 0.004m)] 1 '" = 14.8 m" 1 , L e = Lf for an adiabatic tip, and mLf = 
1.163, Eq. 3.89 yields 

tatih mLf 0.821 
m = = TT7T = 11706 = ?o.c 



mLf 



1.163 



Continued 
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PROBLEM 11.30 (Ccmt.) 

Similarly, for the steam tube, m = {h/kt) 1 ' 2 = [5.000 W/m" -K/(60 W/m-K x 0.004m)] 1 = 144.3 m" 1 
andmLf= 11.33. Hence. 

tanh mLf 1.00 
m = ~~ mLf"^ = = = 

Substituting into Eq. (2\ 



UA- 



1 0.01 1 
-+ +- 



K K 



,0.706x52.7 < 0.785 5 0.0SSx5000*O.785_ 

Hence, with C mll1 = (mc p ) = 0.03 kg /sxlOOS J/kg-K = 30.2 W/ K, NTU = UA'Cmin = 
0.847 and s = 1 - exp (-NTU) = 0.571. From Eq. (1). the air outlet temperature is then 

T c.o = T c,i + s { \.i ~ T c,i ) = 1 7 ° c " 7 1 1" 1 - 7 " 17 ) ° c = 79 ^ < 
The rate of heat transfer to the air is 

q = m c p ( T c 0 - T C1 ) = 0.03 kg / sxlQQEJ / kg - K x 62.B=C = 1 900 W 
and the rate of condensation is 

mamd= ^ = 1900W =ftJOxlQ -A WM 
h fg 2.183x10 J. 'kg 

COMMENTS: (1) With T c = 321 .4 K, the initial estimate of 325K is reasonable and iteration on 

the property values is not necessary, (2) The major contribution to the total thermal resistance 
is due to air- side convection, (3) The foregomg results are independent of air pressure. 
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PROBLEM 11.31 



KNOWN: Tube inner and ourer diameters and longitudinal and transverse pitches for a cross-flow heat 
exchanger. Number of tubes in transverse plane. Water and gas flow rates and inlet temperatures. Water 
outlet temperature. 

FIXD: (a) Gas outlet temperature and number of longitudinal tube rows, fb) Effect of gas flowrate and 
inlet temperature on fluid outlet temperatures. 



SCHEMATIC: 



350K (Part a) 



|Gasesj 

20< m h < 40 kg/s 
500 < T h j < 700 K 



0> = 15 mm, D = 20 mm' 
h = 60 W/m-K 
S T = S ; = 40 rr-'Ti 




'ft.o 



H=1.2m, W r =30 



m c = 50 kg/s 
T c ,■ = 290 K 
h c = 30 00 W/m 2 -K 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties. (3) Negligible 
fouling. 

PROPERTIES: Table A.6, Water (T c = 320 K): c F = 4L80 J/kg-K \i = 577 x lO^ 5 N-s/m 2 , k f = 0.640 

W/m-K, Pr = 3.77; Table A.4, An (T n ■ 550 K): c p = 1040 J/kg-K, u = 288.4 x 10" 7 N-s/m 2 , k = 0.0439 
W/m-K, Pr = 0.683, p = 0.633 kg/m 1 . 

ANALYSIS : (a) Hie required heat transfer rate is 

q = m c Cp_ ( . (T co -T ci ) = 50kg/s (4180 J/kg-K)60K = 1.254xl0 7 W. 
Hence, with Tl.o = Tb, ; - q^iii^Cp n , 

T hj(J =700K -1.254 xlO 7 W/(40 kg/s x 1040 J/kg-K) = 398.6K < 
Use the e - NTU method to compute the hot side HX surface area. Ah- To calculate Ut, we must find h,. 
For the tube bank, S D = 44. 7 mm > (S T - D)/2 = 30 mm. Hence, with pV H , = [Sj/fS-x -D 0 )] pV = 

[Sr/(Sr-Do)](m h /WH). 

pV max = (40/20) 40kg/s/(2xl.2)m 2 • = 33.3 kg/s- m 2 

Re D.max = (P V max D o)/^= 33.3kg/ s in 2 (0.02m)^ 288.4 xlO -7 N s/m 2 = 23,1 16 . 
From the Zukauskas correlation, with (Pr.'tPr 5 ) = L, and Table 7.7, 

Nu D = 0.35ReQ 6 Pr 0J6 = 0.35(23. 1 IS) 0 " 6 (0.6&l"f M =127 
where it is assumed thatN L > 20. Hence, 

h h = Nu D (k/D Q ) = 127 (0.0439 W/m K/0.02 m) = 279 w/m 2 - K . 
FromEq. 11.1, 

Continued.. 
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PROBLEM 11.31 (tout.) 

_L 1_ D 0 ln(D 0 /D t ) i J 1 20 i 0.02 m In (20/lS) 



2k b h 3000w/m 2 -K 15 SOW/niK 279w/m 2 K 

^ = (4.44>:10 _4 +9.59x10"' + 3.5Sx 1Q~ 3 )m 2 K/W = 4.12x 10 _J iir - K/W 

U b = 243w/m 2 K. 

With C :■■ = = 4. 160 x 10 4 W.'K aud Q = = 2.09 x 1 0 5 W/K, CWC™* = 0. 199 and = C^CTid 
- T cj ) = 4.16 x 10' W/K(41Q K) = 1.71 x 10 ; W. Hence, s = (qAfc™) = (1.254 x 10 7 W/1.71 x 10 7 W) = 
0.735. With C^a mixed and unmixed, Eq. 1 1 .34b gives NTU = 1. 54 and 

A h =NTU(C laill /U h ) = 1.54^4.160xl0 4 W/K/243w/m 2 kJ = 264ih 2 . 



Hence. Nl 



264 m' 



= 70 



(jtD 0 W)N t ^(0.02) 2 (30) m 2 

(b) Using the D3T Correlations, Heat Exchangers and Properties Toolpads to perform the parametric 
calculations, we obtain the following results for Nl = 90. 





Since ht, and hence U n , increases with mjj , q, and hence, T c . 0> increases with mcreasing mj] , as well as 

with increasing Although q increases with in n , the proportionality is nor linear (q a , where a < 
1) and (Tb, : - Tt „) must decrease with increasmg m^- in which case T^.,, must increase. From the above 
results, it is clear that operation is restricted to m n > 40 kg ; 's and Tij > 700 K if corrosion of the heat 
exclianger surfaces is to be avoided. 

COMMENTS: To check the presumed value of = 3000 W/m 2 K, compute 



Re D = 



4(m c /N) 



4(50kg/s)/70x30 



■ = 3500. 



ffD iJ" jr(0.015m) 577x10 6 N s/m 2 

4 ■> i'i 4 / \4f5f i0 4 

Hence. Nu D = 0.023Rei> Pr = 0.023(3500) (3.77) = 26.8 

h c =(k/D)Nu D =( 0.1540 W/mK/0.0L5m)26.S = lL42w/m 2 K. 

Hence, the cold side convection coefficient has been overestimated and the calculations should be 
repeated using a value of he calculated from the Gniehnski correlation, winch applies in this Reynolds 
number range. 
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PROBLEM 11.32 

KNOWN: Single pass, cross-flow heat exchanger with hot exhaust gases (mixed) to lieat water 
(unmixed) 

FES'D: Required surface area. 
SCHEMATIC: 




^ 



ASSUMPTIONS: (L) Negligible heat loss to surroundings, (2) Exhaust gas properties assumed to be 
those of air. 



PROPERTIES: Table A-6. Water {T c = (80 + 3G)°C/2 = 328 K): Cp = 4184 J/kg-K; Table A-4, Air 
(1 atm, \ = (100 + 225)°C/2 = 436 K): Cp = 1019 J/kg-K 

ANALYSIS: Using the e-NTU method, 

C c = ih c c c = 3kg /sx 4184 J/kg-K = 12,552 W/K 

q = C C (T C 0 -T c>1 ) = 12,552W/K(B0-3G)°C = 627. 600 W 

From an energy balance on the hot fluid, 

Ch = q/(T h>i -T h>0 ) = 627,600 W/(225-100)°C = 5,021 W/K 

Thus, C T = Cmiuf'CpnT = 0.40 and e = q/C m (T:,j - T t ; ) =0.641. With mixed and Qu^ unmixed, Eq. 
1 1 .34b yields 

NTU — ^-ln[C r ln(l - e>- l] = ln[ 0.4 ln(l -0.641) + 1] =1.32 

Thus, 



A =NTU x C D ;l" = 1.32 x 5021 W/K / 200W/m 2 'K = 33.1 nr 
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PROBLEM 11.33 



KNOWN: Concentric tube heat exchanger operating in parallel flow (PF) conditions with a thin- walled 
separator tube of IQD-inm diameter; fluid conditions as specified. 

FIND: (a) Required length for the exchanger; (b) Convection coefficient for water flow, assumed to be 
fully developed: (c) Compute and plot the heat transfer rate. q. and fluid mlet temperatures., Th.j and T ro , 
as a function of the tube length for 60 < L < 400 m with the PF arrangement and overall coefficient 
(U= 200W/nr K] , inlet Temperatures (T u = 225°C and T cj = 30° C). and fluid flow rates from Problem 

L 1 .32: (d) Reduction m required length relative to the value found m part (a) if the exchanger were 
operated in the counterflow (CF) arrangement; and (e) Compute and plot the effectiveness and fluid outlet 
temperatures as a function of tube length for 60 < L < 400 m for the CF arrangement of part (c). 

SCHEMATIC: 



[Pf| U=ZOOWAti^K 




ASSUMPTIONS: (!) No losses to surroundings, (2) Separation tube has negligible thermal resistance. 
(3) Water flow is fully developed. (4) Constant properties. (5) Exhaust gas properties are those of 
atmospheric air. 

PROPERTIES: Table A-4, Hot fluid. Air (1 arm T = (225 +100)°C i'2 = 436 K): c ? = 1019 J'kg K; 
Table A-6, Cold fluid. Water T= (30 + 80)°C 12 tn 328 K): p = l/v f =985.4 kg/m 3 : c p = 4183 I'kg-K k = 
0.648 W/m-K, u. = 505 x 10" s N s/nr, Pr= 3.58. 

ANALYSIS : (a) From the rate equation, Eq. 1 L. 14, with A = jtDL. the length of the exchanger is 

L = q/U,TDiT /mJF . (1) 

The heat rate follows from an energy balance on the cold fluid, usmg Eq. LI. 7. find 
q = m c c c (T c o -T c , ") = 3ka/s K4183 j/kg - K (80 - 30)K = 627.5 x 10 3 W . 

Usmg an energy balance on the hot fluid, find tiij for later use. 

m t = q/c h | \ A -T h 0 ) = 627.5 xlO 3 W/10 1 9 j/kg • K ( 225 - 1 00) K = 4.93 ke/s (2) 
For parallel flow, Eqs. 11.15 and 11.16, 

ATi-AT 2 (2.25-3O) 3 C-(lO0-80)' = C ^ „ 

iT/ m pp = = — — = 76.8 C . 

' fnATj/AT, fn(225-30)/(l00-8O) 

Substituting numerical values into Eq. (1), find 

L = 627.5x10" w/2O0w/m 2 - K(ff>: 0!m)76.8K = 130m . < 

Continued.. 
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PROBLEM 11.33 (Coin.) 

(b) Considering the water flow within the separator tube, from Eq. 8.6. 

Re D = AmfxDp = 4 x ikg/sj { ti x 0. Imx 505 x 10" 6 N/s m 2 j = 75, 638 . 

Since EUe >■ 2300. the flow is nubuLent and since flow is assumed to be fully developed, use the Dittus- 
Boelter correlation with n = 0.4 for heating, 



Nu D = 0.023 Re^ 8 Pr° 4 = 0.023(75, 63S) 0 S (3.58) 0 4 =306.4 

h = Nu D — = 3 06.4 x 0. 648 W/m - K/( 0. lm) = 1 985 W/m 2 ■ K . < 

(c) Using the IHT Heat Exchanger Tool, Concentric Tube, Parallel Flow, Effectiveness relation, and the 
Properties Too! for Water wAAir, a model was developed for the PF arrangement. With U = 200 
W.'nr K and prescribed inlet temperatures, Ty = 22.5 °C and Ty = 30 °C. the outlet temperatures, T|__„ and 
Tec and hear rate. q. were computed as a function of tube length L. 

= 5.~al 51 ^sw arTanntemen 

T 

i 
k 
h 
f 



1= 




190 24D 33D 

Tjb= angrr.Lfm) 



■ Hoi qliis: tenp2rs.1i. re, Trio {CI 

■ Hea:ra;e.q - 1<]"-4|W: 



As the tube length increases, the outlet temperatures approach one another and eventually reach T; i0 = T^, 
= B5.6°C. 



(d) If the exchanger as for part (a) is operated in 
counterflow (rather than parallel flow), the log 
mean temperature difference is 



-AT, 



AT, -Al\ 



m,CF : 



AT, 



fin.CF = 



fnATi/AT 2 

(225 -80) -(100 -30) 
*n(2.25-80)/lOO-30 



= 103.0 C. 



Using Eq. (1). the required length is 



L = 627.5x10" 



W/200W"/ 



7 m' K x, t x 0.1 m x 103.0 K = 97m. 



Tlie reduction in required length of CF relative to PF operation is 



■C3--C 




Continued.. 
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PROBLEM 11.33 (t out.) 



AL = (L PF -L CF )/L PF =(l03-97)/l03 = 5.8% < 

(e) Using the IHT 'Heat Exchanger Tool, Cortcenfric Tube, Counter/low, Effectiveness relation, and the 
Properties Tool for Water and Air, a model was developed for the CF arrangement. For the same 
conditions .is part (c). but CF rather than PF r the effectiveness and fluid outlet temperatures were 
computed as a function of rube length L. 



Countering arrartgemerl 
140 -. — I — , — , — I — I — , — , — I — I — I — I — 




20 -| — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | — | — 

6D 120 larj 2tD 3DS SEfJ 

TLEe lerqtn, L (rrj 

— H — cotj ouupl temperature. Too \C) 
* he: ou:le: temperature, "nio (C) 
EffeaUver2s&. epE"1D3 

Xote that as the length increases, the effectiveness tends toward unity, and the hot fluid outlet temperature 
tends toward T CiL = 30°C. Remember the heat rate for an infinitely long CF heat exchanger is q^j and the 
minim um fluid (hot in our case) experiences the temperature change, T\,j - T c _l. 

COMMENTS: (1) As anticipated, the required length for CF operations was less than for PF operation. 

(2) Note that U is substantially less than hj implying that the gas -side coefficient must be the controlling 
thermal resistance. 
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PROBLEM 11.34 

KNOWN: Cross-flow heat exchanger (both fluids unmixed) cools blood to induce body hypothermia 
using ice-water as the coolant. 

FTND : (a) Heat trans f ei rate flora the blood, (b) Water flow rate , V c (litei/min), (c) Surface area of 
the exchanger, and (d) Calculate and plot the blood and water outlet temperatures as a function of the 
water flow rate for the range. 2 < V < 4 liter/mm, assuming all other parameters remain unchanged. 

SCHEMATIC: 

■ ■. 

Th,i = 37°C - .. V(, = 5 Iter/min 

Cross-flow hxer 

(halh "flu id s unmixed) 
U = 750 W/m^-K 



ASSUMPTIONS: (1) Steady- state conditions. (2) Negligible losses to the surroundings, (3) Overall 
heat transfer coefficient remains constant with water flow rate changes, and (4) Constant properties. 

PROPERTIES: Table A-6, Water (T c = 280K), p = 1000 kg / m 3 , c = 4198 J / kg ■ K. Blood 
(given): p = 1050 kg / rn 3 , c = 3740 J / kg - K. 

ANALYSIS: (a) Hie heat transfer rate from the blood is calculated from an energy balance on the hot 
ibid. 

riih = Ph v h = 1050 kg / m 3 x (5 liter / miii x 1 mm .'60 s) x 10~ J m 3 / liter = 0.0875 kg / s 

q = mhch( T h.i - T ho) = °- 0875 kg/sx 3740 J/kg-K(37-25)K = 3927 W < (1) 

(b) From an energy balance on the cold fluid, find the coolant water flow rate, 

q = m c c c (T C0 -T cl ) (2) 

3927 W = m c x 41 98 J/kg ■ K ( 1 5 - 0) K m c = 0.0624 kg/s 

V c = rr^. / p c = 0.0624 kg / s/ 1000 kg / m 3 x 1 0 3 Luer / m 3 x 60 s/min = 3.74 liter / min < 

(c) The surface area can be determined usmg the effectiveness-NTU method. Tlie capacity 1 rates for 
the exchanger are 

C h = m h c h = 327 W/K C c = n^ c c = 262 W/K C mm =C c (3,4,5) 
From Eq. 1 1 . 1 S and ILLS, the maximum heat rate and effectiveness are 

Continued 
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PROBLEM 11.34 (tout.) 



<W = Cmin (Tha " T c>1 ) = 262 W / K (37 - 0)K = 9694 W (6) 
s = q / qiMX = 3927 / 9694 = 0.405 (7) 

For the cross flow exchanger, with both fluids unmixed, substitute numerical values into Eq. 1 1.32 to 
find the number of transfer unite, NTU, where C r = C ul ] n / C^j. 

F= l-expj\l /C r )NTU°- 22 |exp|-C r NTU 0 - 7B ] - l}j (8) 

NTU = 0.691 
From Eq. 11.24, find the surface area, A. 
NTU = UA / Cjmjj 

A = 0.691 x 262 W / K / 750 W / m 2 - K = 0.241 in 2 < 



(d) Using the foregoing equations in the IHT workspace, the blood and water outlet temperatures, Th_o 
and T c _ 0 , respectively, are calculated and plotted as a function of the water flow rate, all other 
parameters remaining unchanged. 



Outlet temperatures for blood flow rate 5 litertmin 
23 -i 1 1 1 1 1 1 1 




Water flow rate, Qc (literfmin) 

Water outlet temperature, Tco 

— •— Blood outlet temperature, Tho 

From the graph, note that with increasing water flow rate, both the blood and water outlet temperatures 
decrease. However, the effect of the water flow rate is greater on the water outlet temperature. This is 
an advantage for this application, since it is desirable to have the blood outlet temperature relatively 
insensitive to changes in the water flow rate. That is, if there are pressure changes on the water supply 
line or a slight mis-setting of the w r ater flow rate controller, the outlet blood temperature will not 
change markedly. 
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PROBLEM 11.35 

KNOWN: Steam at 0. 14 bar condensing in a shell and tube HXer (one shell, two tube passes consisting 
of 130 brass tubes of length 2 m : . D : = 13.4 nun, D„ = 15.9 mm). Cooling water enters at 2Q°C with a 
mean velocity 1.25 m/s. Heat transfer convection coefficient for condensation on outer tube surface is ho 
= 13,500 W/nr K 

FIND: (a) Overall heat transfer coefficient, U, for the HXer, outlet temperature of cooling watei. T ; ..j. and 
condensation rate of the steam liijj ; and (b) Compute and plot "L.c and mjj as a function of the water 
flow rate 10 < rh c < 30 kg's with all other conditions remaining the same, but accounting for changes in 
U. 

SCHEMATIC: 




ASSUMPTIONS: (1) Negligible heat loss to surroundings. (2) Constant properties, (3) Fully 
developed water flow in tubes. 

PROPERTIES: Table A-6, Steam (0.14 bar): T iK = T L = 327 K. h fe _ = 2373 kJVkg, c r = 1898 J/kg-K; 
Table A-6] Water (Assume T c , *44°C or T c *305 K): v f = 1.005 x 10° ra J /tg, c F =4178 J/kg-K, 
Mf = 769 x 10" 5 N siir , k f = 0.620 WM, Pr f = 5.2; Table A- 1, Brass - 70/30 (Evaluate at T = (T h - 
T c )/2 = 316 K): k = 1 14 W/m-K. 

ANALYSIS : (a) The overall heat transfer coefficient based upon the outside tube area follows from Eq. 
115, 




(1) 



The value for hj can be estimated from an appropriate internal flow correlation. First determine the nature 
of the flow within the tubes. From Eq. 8. 1, 

D (l.O05xl0 _3 m 3 /kg) 'xl^Sm/sxB^xlO^m 

E^D; = P*m — = ~ — = 21 673 ■ 

f* 769x10 °N-s/ui J 

The water flow is turbulent and fully developed (LT>j = 2 m/13.4 x 10" 3 m = 150 > 10). The Ditrus- 
Boelter correlation with n = 0.4 is appropriate, 

Nujj = h; Dj/kf =0.023 Re% S Prf 4 = 0.023 <( 21. 673 f A (5. 2) 04 = 130.9 

Continued... 
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PROBLEM 11.35 (Cent.) 

k f 0.620W/m-K / i 

\ =-i-Nu D '- xl30.9 = 6Q57W/m -K. 

D i 13.4xl0" 3 m 
Substituting numerical value* into Eq. (1). the overall heat transfer coefficient is 



U„ = 



U„ = 



1 (l5.9xlO- 3 m)A 15 _, , 59 ! 

7 — n — + ; — — ^ n — + x j — n — 

13, 500 w/m K H4W/m-K 13.4 13.4 g057 W/iii 2 -K 
7.407 x 10~ 5 + 1 . 1 93 x 10~ 5 + 1 9.590 x 1 0~ J ] * w/m 2 - K = 3549 w/ ra 2 K . 



To find the outlet temperature of the water, we : 11 employ the s - NTU method. From an energy balance 
oti the cold fluid. 

T t.o = T c,i +«l/ c c ( 3 ) 
where the heat rate can be expressed as 

=1 = ^linas; linax = C mui ( T h,i " T h,o ) ■ ( 4 ' 5 ) 

The minimum capacity rate is that of the cold water since Ci — * oc . Evaluating, find 

c inin = c c = (™ c p ) = 22.8kg/sx4178j/kg ■ K = 95,270 W/K . 

where 

ih c =(pAu m )N = 995.0kgto :3 x,t/4(0. 0134m) 2 xl.25m/sx 130 = 22.8 kg/s 
To determine s. use Fig. 11.12 (one shell and any multiple of tube passes) with C, = 0 and 

U„A„ 3549 w/m 2 -K(;r0.0159mx 2mxl30x2l 

NTU= ° ° = t ^ - = 0.968 

C^in 95, 270 W/K 

where 130 and 2 represent the number of tubes and passes, respectively, to find s a 0.62. Combining Eqs. 
(4) and (5) into Eq. (3), find 

\z =\i+ sCmin (T h ,i " \i )/c c = 20= C + 0.62 (327 - 293 ) K = 4 1 .f C . < 

The condensation rate of the steam is given by 

where the heat rate can be determined fromEq. (3) with T ; D , 

m b =C C (T C 0 -T c i ']/h fg = 95,270 w/k(41.1- 2Q.0)k/23?3x1O 3 j/kg K =0.85kg/s . < 

(b) Using the IHT Heat Exchanger Tool, A?! Exchangers, C r = 0, and the Pi'operties Tool for Water, a 
model was developed and the cold outlet temperature and condensation rate were computed and plotted. 

Continued... 
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PROBLEM 11.35 (font.) 





SO 
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■to 


, 




30 
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■: 








: 



■ Cold t 



1.B 22 25 

Cold fan ralE rvdote (fca's) 

smperalu'e, ~cc i'C 
idan rase, rrcclh 3 1 D K - 1 (kg's; 



With increasing cold flow rate, the cold outlet temperature decreases as expected. The condensation rate 
increases with increasing cold flow rate. Note that T- 0 and are nearly linear with the cold flow rate. 



COMMENTS: For pan (a) analysis note thai the assumption T Ci0 1 44 °C used for evaluation of the cold 
fluid properties was reasonable. Using the IFTT model of part (b), we found T Ci0 = 40.2 C C and m n = 
0.812 kg is. 
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PROBLEM 11.36 



KNOWN: Shell-and-tube (one shell, two tube passes) heat exchanger design. Water flow rale and inlet 
temperature. Steam pressure and convection coefficient. 

FIND: (a) Water outlet temperature, T c .i,; (b) T c „ as a function of flow rate : . m c , for the range, 5 < rii c < 
20 kg-'s, with all other conditions remaining the same, but accounting for changes in the overall 
coefficient, U; and (c) Plot Ten on the same graph considering fouling factors of Rf =0.0002 and 
0.0005 ff-KW 

SCHEMATIC: 



h o =10 4 W/m 2 -K 



w = 100 — 
D = 0.02 m 




L - 2m 




^T ci = 290K 



*m = 10kg/s 



(1) 



(2) 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible wall conduction and fouling 
resistances. (3) Constant properties. 

PROPERTIES: Table A-6, Sat. water (p = 1.0133 bar): T„ = T = 373.1 K; (T c as 320 K): c p = 41SD 

J/kg-K, |i = 577 x 10" 5 X-s.-'m 3 ,k= 0.640 W/m-K, Pr = 3.77. 

ANALYSIS : Using the NTU-effectiveness method, calculate Uby finding hj . With 

Re D - 4m/.TD// = [4 (10 kg/s)/l 00 j/j^ x ( 0 . 02 m ) ( 5 7 7 x 1 0" 6 N - s/m 2 J j = 1 1, 033 

and using the Dittus-Boelter correlation, 

Nu D = 0.023 ReQ 1 Pr 04 = 0.023(1 1. 033) 4/5 I • nf A = 67.05 

hj = (k/D)Nujj = (0.640 W/iil ■ K/0.02m) 67.05 = 2146w/in 2 ■ K . 
From Eq. 11.5 

l/U = l/h; +l/li 0 = [( 1/10, 000) + (1/2146)] m 2 k/w = 5.66xl0~ 4 m 2 K/W 

U = 1766w/m 2 K. 
The heat transfer surface area, capacity rates andNTU are 
A = N (/tD ) 2L = 100 (*0.02m) 2 x 2m = 25. lm 2 
C min =C C =10kg/s(4180 J/kg-K) =41,800 W/K 

NTU = Ua/c^jj = 1 766 w/m 2 ■ K x 25 . 1 m 2 /41, 800 W/K = 1 .06 
From Eq. 11.35a 

Continued... 
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PROBLEM 11.36 (Cont.) 

s = l-exp(-NTU) = l -exp( -1.06) = 0.654. (4) 

With 

<W = (T hji - T Cji ) = 4L 800 W/K ( 373. 1 5 - 290 ) K = 3.48 x 1 0 6 W (5) 
q = = 0.654 f 3 .4 8 x 1 0 6 W J = 2,2.7 x 1 0 6 W 

find 

T c.o = T cl +(q/Cj = 290K+(2.27xl0 e W/41 : S00W/K) = 344.4K. (6)< 

(b,c) Using the IHT Heat Exchanger Tool, AH Exchangers, C r = 0, the Properties Tool for Water and the 
Correlation Tool, Forced Convection, Internal Flow, for Turbulent, fully developed conditions, a model 
was developed following the foregoing analysis to compute and plot the outlet temperature T c tl as a 
function of the cold fluid flow rate, rii c . The expression for the overall coefficient, Eq.(l), was modified 
to include the fouling factor, 

t/U = i/hj +RJ + l/h 0 . 

3K — i 1 1 1 1 1 




310 -| 1 1 1 1 

5 8 11 14 17 2D 

Wats- flow rale, mccMkBfs} 



.'. ii. j r- - _ 

-K- ^■f = S.WZQ n"2.K'W 
— s- =( , f = D.CDD5m*2.K. , W 

The effect of increasing the cold flow rate is to decrease the outlet temperature. Hie effect of the fouling 
resistance is to decrease the outlet temperature as well. 

COMMENTS: (1) Tor the part (a) analysis, T c = 317 K and the initial guess of 320 K was reasonably 
good. 

(2) In the anlysis of pans (b,c), Re; iC is as low as 4880. below the turbulent range (10.000) and above the 
laminar range (2300). We chose to treat the flow as turbulent. 
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PROBLEM 11.37 

KNOWN: Saturated steam at 110 = C condensing in a shell and tube lieat exchanger (one shell pass, 2, 
4. tube passes.) with a UA value of 2.5 kW K: cooling water enters at 40 s C. 

FIND: Cooling water flow rate required to maintain a heat rate of 150 kW; and (b) Calculate and plot 
the water flow rate required to provide heat rates over the range 1 30 to 360 kW, assuming that UA is 
independent of flow rate. Comme::t on the validity of the assumption. 



SCHEMATIC: 



Sat. steam 

T - 110 a C One shell pass 

I Cooling water ^^r^^T* 

m = q = 1 50 kW 



ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) UA independent of flow rate, and (3) 
Constant properties. 

PROPERTIES: Table A-6. Water (I mc = (T c ,i + T c . 0 )/2 = 49.5°C = 322.5 K): c p . c = 4181 JVkg-K. 

ANALYSIS: (a) For the shell- tube heat exchanger with any multiple of two-tube passes, from Eq. 
1 1 .3 5a with C r = 0, using Eqs. 1 1 . 1 9 and 1 1 .22, 

e = l-exp(-NTU) NTU = UA/C mm (L2) 

£ = q linax ^max = c c ( T h,i " T c,i ) ( 3 = 4 ) 

By combining the equations, with C^^ = C c = lii^. Cp c , 

q . f UA ) fo 
^ = l-exp — I (5) 

'Dctp.c ( T h,i- T c,iJ { ^c^cj 

Substituting numerical values, and solving using IHTfwd 

rh c =1.89 kg / s < 

The specific heat of the cold fluid, Cp is evaluated at the average of the mean inlet and outlet 
temperatures, T m ,c = (T c ,i + T c ,o)/2, with T c .o determined from the energy balance equation. 

q = mc piC (T Ci0 -T Ci i). (6) 

(b) Solving the above system of equations in the IHT workspace, the graph below illustrates the water 
flow rate required to provide a range of heat rates. 

Continued 
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PROBLEM 11.37 (Coiit.) 




COMMENTS: (1) Hie assumption that UA is constant with flow rate is a poor one. Because the 
heat transfer coefficient for condensation is so high, the overall coefficient is controlled by the water- 
side coefficient. Presuming the flow is turbulent, from the Dittus-Boelter correlation, we'd expect 

0 8 OS 
U =c m c . Over the range of the graph above, U will vary by-' approximately a factor of (3.5/1) " = 

2.7. 

(2) If we considered UA to vary with the cold water flow rate as just described, make a sketch of 
m c vs. q and compare it to the graph above. 
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PROBLEM 11.38 



K>'0\l?s": Temperature, convection coefficient and condensation rate of saturated steam. Tube 
diameter for shell-and-tube heat exchanger with one shell pass and two Uibe passes. Velocity and inlet 
and maximum allowable exit temperatures of coolmg water. 

FEND: (a) Minimum number of tubes and tube length per pass, (b) Effect of tube-side heat transfer 
enhancement on tube length. 



SCHEMATIC: 



h 0 = 10.000 W/m^K 



N tubes 
□ = 0.019m 



m cont j - 2.73 kg/s, T h = 340 K 




u n = 0.5 m/s 



ASSUMPTIONS : (1) Negligible heat exchange with surroundings, (2) Negligible Uibe wall 
conduction and fouling resistance, (3) Constant properties, (4) Fully de\ 'eloped internal flow 
throughout. 

PROPERTIES: Table A- 6. Sat. water (340 K): h& = 2.342 x 10 6 J/kg; Sat. water 

(f c = 22.5°C » 295 K J : p=99Z kg.'m 3 , c p = 41 SI J/kg-K, ;j = 959 x 10" 6 Ns/m 2 , k = 0.606 W/m-K, 

Pr = 6.(52. 

ANALYSIS: (a) Hie required heat rate and the maximum allowable temperature rise of the water 
determine the minimum allowable flow rate. That is, with 

q = q con d = m cou dlif g = 2.73 kg /s x 2.342 x 10 6 J / kg = 6.39 x 10 6 W 



6.39 xl(T W 



c p ,c(T Ci0 -T Cii ) 41SU/kg-K(15°C)' 



: 101.9 kg/s 



2 .3 2 

With a specified flow rate per tube of m c j =pa m iz D 14 = 998 kg'm x 0 5 m/s x it (0.0 19m) :4 : 

0.141 kg/s. the minimum number of tubes is 



N 



mm 



in c,mm _ 101.9 kg/s 
rh c i 0 141 kg/s 



= 720 



To determine the corresponding tube length, we must first fmd the required heat transfer surface area. 
With Re D = pUmD/u = 998 kg.'m 3 (0.5 m/s) 0.019m/959 x lO" 6 N-s/m" 1 = 9.886, the Dittus-Boeltex 
equation yields 

h, = (fc/D)0.023 Rejj 5 Pr 04 = (0.606 W / in -K/ 0.019m) 0. 023(9836 f' 5 (6.62 ) 0 " 4 = 2454 W/in 2 -K 

Contmued 
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PROBLEM 11.38 (Cont.) 



Hence. U = ^ ■+- h 0 ^ | 1 = 1970 W/in 2 -K 



With C r = 0, CW = m c c PiC = 101.9 kg's x 41 81 J/kg-K = 4.26 x 1 0 5 \V,'K = Cmiu (T^ - Tcj) 

= 4.26 x 10 3 W/K (340 - 288) K= 2.215 x 10 7 W and e = q/Q m „ = 0.289, Eq. 11.35b yields NTU = - 
hi (1 - s) = - hi (1 - 0.2S9) = 0.341. Hence the tube length per pass is 

L _ A _ NTUxC mm _ 0 341x4.26xl0 5 W/K - Q 858m < 

2N?rD 2NjtDU 2x 720 x?r (0.01 9m) 1970 W/m 2 -K 

— 2 2 

(b) If the tube-side convection coefficient is doubled, hj = 4908 W/m -K and U = 3292 W/ra -K. 

Since q, C r , and hence £ are unchanged, the number of transfer units is still NTU = 0.341. 

Hence, the tube length per pass is now 

L _ NTUxC tmn _ 0 341x4 26x10 s W/K _ 05l3m < 
2N^DU 2x 720xs-(0.019m)3292 W/m 2 -K 

COMMENTS: Heat transfer enhancement for the flow with the smallest convection coefficient 
significantly reduces the size of the heat exchanger. 
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-^Sat liquid 



PROBLEM 11.35 

KNOWN: Pressure and initial flow rate of water vapor. Water inlet and outlet temperatures Initial 
and final overall heat transfer coefficients. 

FEND: (a) Surface area for initial U and water flow rate, (b) Vapor flow rate for final U. 
SCHEMATIC: 

f% =asib*t* I hri^ — \> 

Uf^lOOOW/mt-K J 

ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) Negligible wall conduction resistance. 
PROPERTIES: Table A-6, Sat. water (T c = 310 K): c p . c = 4178 J/kg-K (p = 0.51 bars): T^ = 355 
K, hfg = 2304 kJ kg. 

ANALYSIS: (a) Tlie required hear transfer rate is 

q = iii h h fg =1.5 kg -' a (2.304x10 s J / kg ) = 3.46 x W 6 W 
and the corresponding beat capacity' rate for the water is 

c c = c min = q ■■' ( T c.o - T c,i ) = 3 46 * 1 ° 6 w - : 40 K = S6, 400 W ,■' K. 

Hence, s = q/{c tt11T1 [T hi - T Cii ]) = 3 .46 x 10* 5 W / 86, 400 W / K (65 K ) = 0.62. 

Since Quin/Cjjujj = 0. Eq. 1 1.35b fields 

NTU = -ln(l-£) = -ln(l-0.62) = 0.97 

and A = NTU (C^ / U) = 0.97 j 86, 400 W / K / 2000 W / m 2 ■ K } = 41 .9 m 2 < 

rh c = C c / c p c = 86,400 W/K ■' 41 7S J / kg - K = 20.7 kg / s. < 
(b) Using the final overall heat transfer coefficient find 

NTU = UA / = 1000 W / m 2 - K j 41.9 m 2 J / 86. 400 W / K =0.485. 

Since CnniTi/Cimav = 0, Eq. 1 1.35a yields 

£ = 1 - exp (-NTU) = 1 - exp(-0.4E5) = 0.3 84. 

Hence, q = sC^ (T h t -T ci ) = 0 384(86,400 W/K) 65 K = 2.16 x 10 6 W 

m h = q / hf g = 2. 1 6 x 10 6 W / 2.304 x 10 6 J / kg = 0.936 kg / s. < 

COMMENTS: Tiie significant reduction (38%) in rh^ represents a significant loss in turbine power. 
Periodic cleaning of condenser surfaces should be employed to minimize the adverse effects of 
fouling. 
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PROBLEM 11.40 

KNOWN: Two-fluid heat exchanger with prescribed inlet and outlet temperatures of the two fluid*. 
FEND: (a) Whether exchanger is operating in parallel or counter flow, (b) Effectiveness of the 
exchanger when C c = C m i n . 

SCHEMATIC: 





ASSUMPTIONS: (1) Negligible heat loss to the surroundings. 

ANALYSIS: (a) To determine whether operation is PF or CF, consider the temperature distributions.. 
From the distributions we note that PF or CF operation is possible. 

(b) The effectiveness of the exchanger follows framEq. 1 1.19. 

£ = 1-''qmax W 
where from Eq. 11.18. 

Qmax = *~mm ( "'"h.i — ^c,i ) ■ P) 

Since the hot fluid undergoes a larger temperature change than the cold fluid, = C\ and 
performing an energy balance on the cold fluid, Eq. (1) with Eq. (2) becomes 

£=t : h(^.i-\ 0 )^ n (ll u -^ 

£ = (65 - 40)°C/(65-15)°C = 0.50. < 
COMMENTS: If T c 0 were greater than T^ 5 , parallel-flow operation would not be possible. 
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PROBLEM 11.41 



KNOWN": Length and diameters of vein and artery - running froin chest to base of skull. 
Separation distance. Inlet temperatures and mass flow rates of blood flowing in opposite 
directions in vein and artery. Thermal conductivity of surrounding tissue. 

FIND : Outlet temperature of arterial blood. How much higher the arterial blood inlet 
temperature can be if blood flow rate is halved and exit temperature must still be below 37°C. 



SCHEMATIC: 

Arterial blood 
rh h = 0.C03 kg/s 
Thj=37°C 







= 250 mm 


h 




) : 


D = 5 mm 

t 






w = 7 mm 


\ _ j 





) 



Venous blood 



m, 



■ 0.003 kg/s 
27*>C 



ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Blood properties are 
those of water, (3) All heat leaving artery enters vein, (4) Vessel walls have negligible thermal 
resistance. (4) Properties of both flows can be evaluated at 305 K. (5) Uniform wall temperature 
correlation is appropriate. (5) Flows are hydrodynamically and thermally fully developed. 

PROPERTIES: Table A. 6, water: (T = 305 K): c p = 4178 J/kg-K, \i = 769 x 10" 6 X W, k = 
0.620 W/m-K,. Tissue {given): k, = 0.5 W/m-K. 

ANALYSIS: The pair of vessels can be seen as a counterflow heat exchanger. We begin by 
evaluating the heat transfer coefficients, which will be the same in both vessels. From Eq. S.6, 



Re D 



4m 



4x0.003 kg/s 



= 993 



^Du n(0.005 m)769 x 10~ 6 N - s/m 2 
Hence tlie flow is Laminar and Nuu = 3 .66". Therefore, 

k 0.620 W/m-K n 

h c = — Nu D = 3.66 = 454 W / 111 ■ K 

c D U 0.005 m 

With the assumption that all the heat that leaves the artery-' enters the vein, conduction between 
the two cylinders can be represented by the shape factor in Table 4.1, case 4. Then 



cosh 



^cond 



4w 2 -2D 2 ' 
2D 2 



cosh 



-1- 4(0.007 in) 2 -2(0.005 m) 2 



2(0.005 mY 



Sk t 2jiLk t 27txO.250 mxO.5W/mK 

Then we can find UA for heat transfer between the two blood flows. 



- = 2.208 K/W 



Continued. 
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PROBLEM 11.41 (Cant.) 



hTtDL lrrrDL 

= 2 +2.208 K / W = 3.33 K/W 

454 W / m'-Kxjx 0.005 m x 0.25 in 

UA = 0.300 W/K 

Now using the s-NTU method, with equal heat capacity rates for the two flows, 

NTU=™ = Q3QQW/K = 0.0240. C r =l 

incp 0.003 kg / & x 4 1 78 J . kg K r 

From Eq. 1 1 .29b, with Q = 1 and using Eq. 1 1 .20 

n _ NTU _ 0.024 _ 0 0234 ^T h;1 -T h;0 



Thus 



NTU + 1 0.024 + 1 T h;1 -T cl 
T h.o = T h.i " e ( T h.i - T c s i> = 31 ° c ~ 0.0234(3 7°C - 27 3 C) 

T h.o = 36E ° C < 

If the mass flow rate is halved, the flows remain laminar and the heat transfer coefficients are 
unchanged as is UA. Thus, NTU doubles, i.e. NTU = 0.04S0, and s = 0.048/1.048 = 0.0458. 
Thus 

c _ T h,i~ T h,o j . _ V ~ eT cj _ 37°C - 0.0458 * 27°C _ 3? ^ < 
T hl -T Cil r Ll 1-e 1-0.0458 

COMMENTS: (1) The assumed mean temperature is not accurate, but this is not worth 
correcting since the properties of blood are not those of water. (2) With xa.- a = 0.05RecPrD =1.3 
m the flow is not fully developed thermally. The actual heat transfer coefficients would be 
greater and there would be a larger temperature change between inlet and outlet. (3) Heat transfer 
from the artery to the cooler neck surface can have a comparable or somewhat larger effect on 
cooling the arterial blood. 
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PROBLEM 11.42 

KNOWN: A very long, concentric tube heat exchanger having hot and cold water inlet temperatures, 
85°C and 15°C, respectively; flow rate of hot water is twice that of the cold water. 

FIND : Outlet temperatures for counterflow and parallel flow operation. 

SCHEMATIC: 

—^ *rT C j=15°C 



T h rSS'C- 



l 

I 



11 



ASSUMPTIONS : (1) Equivalent hot and cold water specific heats, (2) No heat loss to surroundings. 

ANALYSIS: The heat rate for a concentric tube heat 
exchanger with very large surface area operating in the 
counterflow mode is 



1 — Imax — ^-Tmn ("^Lv,! ^c,i ) 



T(x)\ 






^ 55:::: =^ C^c 




-T^TZ.Cc 


1 *x 



where = C c . From an energy balance on the hot fluid, 

q = c h( T h : i- T h,o) 

Combining the above relations and rearranging, find 
T h,o 



^(V-\i) + ^ = -^,i-^)+\i 



Substituting numerical values. 

T ho = -i(85-15)°C-H85 o C = 50°C. 

For parallel flew operation, the hot and cold outlet 
temperatures will be equal; that is. T c 0 = T^q. 
Hence. 

C c ("I^.o-'^i) = Cli(Th4-Th.o) 
Setting T c .o - The and rearranging, 



T h>0 = 85 + 



c i+ * = 61 " : c: 




COMMENTS: Note that while s = 1 for CF operation, for PF operation find s = =0.67. 
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PROBLEM 11.43 

KNOWN: Saturation temperature and condensation rate of refrigerant. Frontal area of condenser and 
dependence of overall coefficient on mlet velocity. Operational range of the air inlet temperatiue. 

FEND: (a) Required heat exchanger area and air outlet temperature for prescribed air mlet velocity 
and temperature, (b) Variation in air velocity needed to achieve prescribed condensation rate. 



SCHEMATIC: 



Refrigerant 



m^= 0.015 kg/s 
T Ml =45°C 



11 



iiiiiir 

3 



T A 



lllllllllll 













Tp.o 







ASSUMPTION'S : (L) Negligible heat loss to surroundings, (2) Constant properties. 

PROPERTIES: Given (Refrigerant): h £g = 1.35 x 10' J/kg. Table A-4, air (T c _i = 303 K): jC c = 1.17 
kg'm , c P:C = 1007 J/kg K 

ANALYSIS: (a) With m c = >? c VA fr = 1 . 1 7 kg / in 3 x 2 m / s x 0.25 m 2 = 0.5 Si kg / <,, 
= m c c p c = 5S9 W / K. Hence, from Eq. (1 1 . 1 S), with Thi = T 3a t, 

<W = C mn (T kl -T c i ) = 589 W/K (45 -30)K = 8.836W 
and with q = 111^11^ = 0.015kg/ s xl.35 x 10^ J/kg = 2025 W 

q max 8S36 
From Eq. 1 1 .35b we then obtain (for C T = 0), 

A = ^SHS-NTU = - ^™n b (1 _ £ ) = 589 W/K hi ( 0.77 1') = 3.067 m 2 < 

u u 50 W/ui K 

With q = C m i Q (T c 0 - T c j), me outlet temperature is 



T C0 =T cl+ ^- = 3Q-O 2 ° 25W 
' ' C™ 589 W/K 



= 33.4°C 



1 2 0 7 

(b) With q = 2025 W, A = 3.06 m" and U = 50 W/m -K (V/2) ' , the foregoing equations, may be 

solved to obtain V as a function of T CJ . 



Continued. 
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PROBLEM 11.43 (Cent.) 



s 




o -I — I — I 1 1 — I 1 — I 1 — I 1 — ! 

27 28 29 30 31 32 33 34 35 36 37 3B 
Air inlet temperature C 

With increasing Tc.j, the driving potential for heat transfer, Th.i - Tc,i, decreases and a larger value of 
TJ, and hence V. is needed to maintain the required heat rate. For 27 < T c i < 38°C, 1 .56 < V < 5.66 
ins and 42.1 < U < 103.6 W/m 2 K. 

COMMENTS: The variation of V with T c j is nonlinear, and. in principle, V -» <k as T c i ->■ T^. 
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PROBLEM 11.44 



KNOWN: Conditions of oil and water for heat exchanger, one shell with 4 tube passe*. 

FIND: Length of exchanger rubes per pass. L: and (b) Compute and plot the effectiveness, 8. fluid outlet 
temperatures. Tb, 0 and T CiD , and water-side convection coefficient, he , as a function of the water flow rate 
for 5000 < ih c < 15,000 kg ■■' h for the tube length found in part (a) with all other conditions remaining 
the same. 



SCHEMATIC: 



J H j = 160 D C 



Brass tubes, L 



11 tubes, D f = 22.9 mm 
D a = 25.4 mm. 4 passes. 
h a = 400 W/m ? *K 



m c = 10,000 kg/h 




Hxer: single shell, 4 tube passes 



T M = 84*C 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Fully- developed 
flow in tubes. 

PROPERTIES: Table A- 1, Brass (400 K): k= 137 W/m-K; Table AS, Water (323 K): p = 998.1 
kg/ml k = 0.643 W/m-K, Cp =4182 J/kg K, u = 548 x lO^N-s/m 2 , Pr = 3.56. 

ANALYSIS: (a) Using the e-NTU method, 

C c = m-c, = 10 ' 00 ° kg ' h x 41S2 J /kg K = 1 1,620 W/K 
c c c 3600 s/h 

From an energy balance on the water, q = C C (T C 0 - T c i ) = 1 1,620 W/ K(84 - 16")°C = 789,900 W 
From an energy balance on the oiLC t = q /(T h ; -T h 0 ) = 789. 900 W /{l 60 - 94)°C = 1 1, 970 W,' 1 K 



Thus, C r = CvniCnn = 0.971, q,™ = C^CTll - T 0 ) = 11,620 W.'K06O - 16)°C = 1.673 x 10 s W. and s = 
qf<fai? = 0-472. From Eqs. 1 1.30c and 1 1.30b, 



2 / e - (1 + C r ) _ 2 0.472 - (1 + 0.971) 
(l + C^'" (l+Q.971 2 ) 1 ' " 



> 1.625 



(2) 



and since NTU = UA/Qnu, Ao = NTU :< C^Uo 
Thus we can determine L if we know L* 0 . From Eq. 11.5 

-1 

1 i-. -. r. ' 

u 



where h must be estimated from the appropriate correlation. With N = 1 1 , the number of tubes, 

Continued.. 
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PROBLEM 11.44 (t out.) 



Red = 



4ro/N 4x(l0 = 000/3600 )kg/s/(ll) 

,t x 22.9 xl0" 3 mx 548 xlO^N-s/m' 



- = 25. 621. 



For fully developed turbulent flow, the Dittus-Boelter correlation with n = 0.4 yields 
Nu D = h ; D/k = 0.023 R.e£, S Pr 04 = 0.023 (25,62 1) 0S (3.56") 0 ' 4 =128.6 

h; = Nu D ( k/D) = 12S.6 x 0.643 W^m - Ky/( 22.9 xlO" 3 m) = 3610 w/ra 2 K . 

-i-] 



U„ 



25.4x10 m 25.4 25.4 

-fn h x- 



400 w/ m 2 K 2x137 W/m-K' 22.9 22.9 3610 w/m 2 -K_ 
Returning now to Eq. (2), find then the length, 



= 355 w/m 2 ■ K . 



A c = ;rD 0 Lx No. of Passes xNa.of Tubes = ttx 25.4x10 mx4x 11L = 3.511 L 

L = NTUxC min /3.511U 0 = 1.03x11620 W/K/3.511 nix 355 W/m 2 K = £>_6 m < 

(b) Using the IHT Heat Exchanger Tool, Shell and Tube, One-shell pass wdN tube passes, the 
Correlation Too!, Forced Convection, Internal Flow for Turbulent, fully developed condition, and the 
Properties Toot for Water, a model was developed using the effectiveness - NTU method to compute and 
plot T [JQ , T],.,, , s. and hi as a function of m c . 



I 
S 

i 
i 




1IC-IC 

Cold flow rate, ndolc (fcj'ti) 



■ ~h: fC) 

■ -\a fC 

■ Ki ' 10 

■ • 1: ■: ,;r : . 



In order to avoid a boiling condition in the cold fluid, the cold flow rate should not be less than S00O 
kg/li. As expected, T c ( , and Th. a decrease and the internal convection coefficient increases nearly linearly 
with increasing flow rate. The effectiveness increases with increasing flow rate since the overall 
convection coefficient is increasing. 

COMMENT: The thermal resistance of the brass tubes is negligible. Since L'Di = 400, hilly-developed 
conditions are reasonable. 
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PROBLEM 11.45 



KNOWN": Properties and flow rate of computer coolant. Diameter and number of hear exchanger tubes. 
Heat exchanger transfer rate and inlet temperature of computer coolant. Flow rate, specific heat, inlet 
temperature, and average convection coefficient of water. 

FIND: (a) Tube flow convection coefficient, lij , (b) Tube length/pass required to achieve prescribed 
fluid outlet temperature, (c) Compute and plot the dielectric fluid outlet temperature . T± a . as a function of 
its flow rate nif for the range 4 < liif < 6 kg-'s based upon the length/pass found in part (c), (d) the 

effect of ±1 0% change m the water flow rate, m w . on Tf 0 and (e) the effect of ±3°C change m Met water 

temperature, T w , t , on Tf. a . For parts (c. d, e), account for any changes in the overall convection 
coefficient, while all other conditions remain the same. 



SCHEMATIC: 



T f , = 25 °C 



m f = 4.81 kg/s * 




h 0 = 10 4 W/m z -K 

IV = 72 tubes. 0 = 0.01 m 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, fouling and tube wall resistance: (2) Constant 
properties; (3) Fully developed flow, (4) Convection coefficient on shell side, h 0 , remains constant for 
all operating conditions. 

PROPERTIES: Coolant (given): c P = 1 040 J&g-K (.1 = 7.65 x 10" + kg.'s-m, k = 0.058 W/m-K, Pr= 14; 
Water (given): c p = 4200 JVkg-K. 

ANALYSIS : (a) For flow through a single tube. 

4rh f - 4 (4.81 kg/s}/ 72 



Re D =- 



■ = 11.120 



■' tD ." t( 0.01m) 7.65x10 4 kg/s -m 

and using the Dittus-Boelter correlation, find 

h, = f k/D)Q.Q23R fi g, /5 ft 0 - 3 =0.023 °-° 58W/m - K i;iL120) 4/5 fl4) 03 =508w/m Z K . < 

0.01m 

(b) Find the capacity ratio 

C f =m f Cpj = 4.Slkg/s(lO40 j/kg K) = 5002 W/K = C^ 

C w = n^cp w = 2.5 kg/s (4200 J/kg ■ K) = 10, 500 W/K = C mas 

hence, C, = Cndc .'C naK = 0.476 and 

C ^^-^).( 2S -") PC .0. 50 0. 
<W C f (T f>i -T wi ) (25-5)"' C 

Using Fig. 1 1.12 wrthNTU = (UA ; C ra ) = (UNjtD2L/C m „) a 0.85, 

Continued.. 
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PROBLEM 11.45 (Cent.) 

-l r -n -1 

U = ^h i " 1 +ho 1 J = (508) _1 +(l0 4 ) w/m 2 K=4&3w/m 2 -K 

L = 0.85(5002 W/K)i/l44jr (483 w/m 2 K j 0.01m = 1 95m . < 

(c) Using the IHTHeai Exchanger Tool, Shell and Tube, One-shell pass andN-tabe passes, and the 
Correlation Tool, Forced Convection, Internal Flow for Turbulent, fully developed conditions, a model 
was developed using the effectiveness-NTT-* method employed above to compute and plot Tf. 0 as a 
function of liif . 




Dldec&lc now ra:e. irdoir s^'i: 

A change in the dielectric fluid flow rate of ±1 kg''s causes approximately =0.5 C C change in its outlet 
temperature. 

(d) Using the above IHT model with the base conditions for part (c). the effect of a ±10% change in the 
water flow rate from its design value, m w = 2.5 kg.-'s (2.25 < rii w < 2.75 kg/s) causes the dielectric fluid 
outlet temperature to change as 

T f „ =15±Q.14°C < 

(e) Using the IHT model of pan (c) with the base case conditions for part (c), the effect of a ±3°C in the 
water inlet temperature from its design value, T. : .i = 5 C C ( 2 < T ; .j < 8 C C) cause the dielectric fluid outlet 
temperature to change as. 

T fo =15 = 1.5°C < 

C (HEME XT S: (L) For the analyses of part (a), Eq. 11.30b,c yields NTU = 0.S5 and q = 50 kW and T„ 0 
= 9.76°C. 

(2) The results of tlie analyses provide operating performance infonnation on the effect of changes due to 
dielectric fluid flow rate {±1 kg''s of mf ), water fluid flow rate (< 10% of ii w ) and water inlet 

temperature (±3°C of T w .j) on the dielectric fluid outlet temperature, T £i0: supplied to the computer. The 
greatest effect on T^, is that by the input water temper ature. 
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PROBLEM 11,46 



KNOWN: Shell and tube hear exchanger with 135 rubes (one shell, double pass) of inner diameter 12.5 
mm and surface area 47.5 m~. 

FIND: (a) Exchanger gas and water outlet temperatures, (b) Tube heat transfer coefficient, hj . assuming 

folly developed flow, (c) Compute and plot the effectiveness and fluid outlet temperatures, T CJ> and 

for the water flow rate range 6 < m c < 1 2 kgv's with all other conditions remaining rhe same, and (d) Hot 

gas inlet temperature, TA,.i, required to supply 10 kg/s of hot water with an outlet temperature of 42°C with 
all other conditions the same: determine also the effectiveness. 



SCHEMATIC: 



-T hi = 200 °C 



m h - 5 kg/s 



Shell and tube hxer 
A - 47.5 m 2 >. 
Dj= 12.5 mm > Tubes 
N = 1 35 J 




ASSUMPTIONS: (1) Negligible heat lost to surroundings. (2) Fully-developed conditions for internal 
flow of water in tubes, (3) Exhaust gas properties are those of air, and (4) The overall coefficient remains 
unchanged for the operating conditions examined. 

PROPERTIES: Table A-6, Water (T c s 300 K): p = 997 kg/m 3 , c = 4179 J/kg-K, k = 0.613 

Wk-K, fi = 855 x 10* N-s/m\ Pr = 5.83; Table A^S, Air (1 atui % « 4O0 K): p = 0.871 1 kg/W, c = 
1014 J/kg-K. 

ANALYSIS : (a) Using the e-NTU method, first find the capacity rates, C = mc . 

C c = 6.5 kg/s x 41 79 j/kg -K = 27,164 W/K C^ = S.O kg/s x 1014 j/kg ■ K = 5, 070 W/K . 

Recognize that Cv, = C^i„ and determine 



2dL 

C, 



5, 070 
27.164 



; 0.19 



NTU 



AU 47 .5m 2 x 200 W'/m 2 - K ^ 
"C^" 5, 070 W/K 



37 . 



From Fig. 1 1 . 1 2 for rhe sliell and rube exchanger, find with NTU = 1.87 and C-,\JC„, K = 0.19 that s : 
0. 78 . From the definition of effecn veness , 



C h ( T li,i- T h,o) 200-Tjj Q 



W C mu (T hl -T cl ) 200-15 



: Q.78 or T ho =55.7 : 'C 



From energy balances on the two fluids, Ci (Tt,; - Tt iD ) = C L (T Ci0 - T : j). find 

\ 0 =\i + C C h^c)K,i-\o) = 15Cc -°- 19 ( 200 - 55 - 7 )' C = 41.9=C. 
(b) To estimate h; for the water, find first the Reynolds number. From Eq. 8.6, 



Continued.. 
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PROBLEM 11.46 (Coiit.) 

4m 4m r /N 4x 6.Skg/s/l35 

Rje D . : ^ ^ — - = 5736 

1 ,tD,/j ,tD,/j , t 12.5x10 3 mx855xl0" 6 N/Vnr 

While the flow is fully developed and turbulent, Res = 10,000 such that Dittus-Boelter correlation is not 
strictly applicable. However, its use allows a first estimate. 

>TuDi = hD t /k = 0.023 Re^'' 5 Pr 0 - 4 =0.023(573<5) 4/5 (5.S3) 0 4 =47.3 

hj =Nud V D , = 47.3x 0.613 w/ iii 2 -k/ i:.5>: 10" 3 m = 2320 w/m 2 -K . < 

(c) Using the IHT Heat Exchanger Tool, Shell and Tube, One- shell pass andN-mbe passes, and the 
prescribed properties, a model was developed following the analysis of pan (a) to compute and plot s, 
T c .o, and Ti_ 0 for a function of m c . 



■o: 




20 -| 1 — I — I 1 — I — I 1 — | 1 — I — I — 

e s 10 12 

cam flow rat*, mdotc (Brjrs) 

• Sale DUQeMErnperabure, "do jC) 
— * — hct Dudel :€mpEraojre, Tra .;C) 

The outlet temperatures decrease nearly linearly with increasing cold fluid flow rare; the decrease m the 
cold outlet temperature is nearly twice that of the hot fluid. The change in the effectiveness with 
increasing flow rate is only slightly increased. 

(d) Using the above IHT model, the hot inlet temperature Tju, required to provide rh c = 1 0 kg/s with T CJ1 
= 42 a C and the effectiveness for tins operating condition are 

T bji = 74.4'C e = 0.55 < 

COMMENTS: (1) Check that assumptions for Tjj and T c used in part (a) for evaluation of the fluid 
properties are satisfactory as =400.7 K and T c =301.5 K . 

(2) From part (b), with hj = 2320 Wm 5 K and U = 200 W/m 2 K, the shell-side convection coefficient is 
h 0 =219 W/m' K. As such, U is controlled by shell-side conditions. Assuming U as a constant in part 
(c) with changes m m c is therefore reasonable. However, for part fd) with mjj doubling, we should 
expect U to increase. 
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PROBLEM 11.47 

KNOYV2V : Power output and efficiency-' of an ocean energy conversion system. Temperatures and 
overall heat transfer coefficient of sheli-and-tube evaporator. 

FES'D: (a) Evaporator area, [b) Water flow rate. 

SCHEAL\TIC: 



One xhetl 
snd "two 
tube passes 



C 



Tto T h; -WK 



1200 ty f m* K 



*-T^=T c ^Z90K 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties. 
PROPERTIES: Table A-6, Water (T m = 296 K): c p = 4181 J/kg-K 
ANALYSIS: (a) The efficiency is 
W 2MW 



r} = — = - 

q q 



- = 0.03. 



2MW 

Hence the required heat transfer rate lsq = = 66.7 MU . 

* 4 0.03 

From the s-NTU method. C z -> cc, and G, = can be found from an energy 7 balance on the hot £Luid : 

c h =q ; '(Th.i -T t o ) = 66.7xl0*W/f3O0-2.92)K = S.33xl0 6 W/K 
Thus q^v = C,H n (Tm - T Ci ) = 8.33 x 1Q 7 W and e = q/q^ = 0.80. Then, from Eqs. 1 1 .30 b and c, 



E=- 



's-(l + C r ) 
,1/2 



-=1.50 



K) 

Tlien, A = NTU x C^/U = 1 .61 x 8.33 x 10 s W/K / 1 200 wW'K = 1 1 ,200 m J 
(b) The water flow 1 rate through the evaporator is 

q 



6.67xl0 7 W 



m h 



Cp,h(Tki-T h , 0 ) 4181J/kg-K(300-292) 
rhlj = 1994 kg/' s. 



COMMENI : (1) The required heat exchanger size is enormous due to tlie small temperature 
differences involved. 
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PROBLEM 11.48 



KIS OWN: Single-pass cross-flow heat exchanger with both fluids unmixed. Flow rate and inlet 
and outlet temperatures of cold water. Inlet temperature of hot exhaust gases. Value of UA. 

FIND: Required mass flow rate of exhaust gases. 



SCHEMATIC: 

T h . = 320°C 



T CiD = 100-C 




Cross flow hx 
Both fluids unmixed 
UA = 4700 W/K 



ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Negligible heat loss 
to surroundings, (3) U independent of mass flow rates. 

PROPERTIES: Water (given): c p . c = 4200 J/kg-K. Oil (given): c pjl = 1200 J/kg-K. 

ANALYSIS: We use the s-NTXJ method, but without knowing the hot mass flow rate or the hot 
outlet temperature we don't know which fluid is the minimum fluid. We begin by assuming the 
cold fluid is the minimum fluid: if this leads to a solution for which the cold heat capacity rate is 
indeed lower than for the hot fluid, this is the correct solution. If it does not lead to a consistent 
solution, our assumption is incorrect. Thus, we assume 

C min = m c c p c = 2 k S /s x 4200 J/ kg - K = 8400 W/' K 

Thus, NTU = UA'C^ = 4700/8400 = 0.560, q = C C (T C . 0 - T CI ) = 6.72>. 10 ; \V and from Eqs. 11.18 
and 11.19, 

6.Ww :026? 



c mm ( T h,i - T c.i ) S400 W/K (320 - 2Q)°C 

Referring to Figure 1 1 .14, we see that there is no solution for NTU = 0.560. e = 0.267, therefore 
our initial assumption was incorrect and the hot fluid is the minimum fluid. We have the 
following four equations relating the four unknowns s, C^, NTU, and C r , 



6.72<1Q 5 W 2240 W/K 



Cmin(Th,i-T C4 ) C nim (32G-20)°C C 



(1) 



NTU _ UA _ 4700 W/K _ Cr _ C min _ C imn ^ 
C -mim ^ miii ^- itiax 8400 W .■ K 



and fromEq. 1 1.32. 



Continued. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 11.48 (t our.) 



E = 1 - exp 



^-J(NTU) 0 22 |exp|^-C r (NTU) 0 - 78 J-lJ 



(4) 



These equations can be solved simultaneously using IHT. or by hand. One approach to solving 
the equations by hand is as follows. Substituting Eqs. (1), (2), and (3) into Eq_ (4) yields (where 
the units have been omitted), 



2240 



= 1 — exp 



8400 i 4700 i 
^mm \. ^mm ■■ 



0.22 



exp 



Cmm T 4700 "j 
S400 [ C mn 



0.7S 



Beginning with an assumed value of C mnL and substituting it into the right hand side, we solve for 
on the left liand side, and repeat the process until it converges. Beginning with = 5000, 
the sequence of CW values is 5000, 4375, 3984, 3745, 3601, 3515, 3463, 3434, 3416, 3406, 
3400, 3396, 3394, 3393, 3392, 3392. Thus 



m h = Cram ■■' c p,h = 3392 W/K/l 200 J / kg ■ K = 2.83 kg / s < 

COMMENTS: It is easier to solve the system of simultaneous equations using IHT at other 
non- linear equation solver. 
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PROBLEM 11.49 



KNOWN: Shell(l) -and- tube (two passes, p = 2) heat exchanger for condensing saturated steam at 1 atm. 
Inlet cooling water temperature and mean velocity. Thin-walled tube diameter and length prescribed, as 
well ai, convective heat transfer coefficient on outer tube surface, lv 

F1XD: (a) Number of tubes/pass, K, required to condense 2.3 kg/s of steam, (b) Outlet water 
Temperature, T Ci0 , (c) Maximum condensation rate possible for same water flowrate and inlet temperature, 
and (d) Compute and plot T Ci o and the condensation rate, rafa , for water mean velocity, u^. ill the range 1 

< u„, < 5 ms/_ using the heat transfer surface area found in part (a) assuming the shell-side convection 
coefficient remains unchanged. 

SCHEMATIC: 

r 




Tubes: D = 14 mm, L = 0.5 m 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible thermal resistance due to the 
Tube walls. 

PROPERTIES: Table A.6, SaTurared steam (1 atm): T 1K = 1Q0 C C, h ;? = 2257 kJ/kg; Water (assume T„ 
« 25°C, T m = [T t - T c )/2 * 295 K): p = l/v f = 998 kg/m 3 , c c = c P . f = 41S1 J/kg-K u = u f = 959 x 10T 6 
N-s/m 1 , k = k f = 0.606 W/m K, Pr = Pr f = 6.62. 



ANALYSIS : (a) The heat transfer rate for the beat exchanger is 
q = m h b fg = 2 3 kg/s x 2257 xlO 3 j/kg = 5.191 x W 6 W 

Using the s-NTU method, evaluate the following parameters: 

Water-side heat transfer coefficient: 



Re D 



u m D 



3.5 m/s x 0.0 14 m 



m/p 959x10 6 N s/m 2 /998 kg/m 3 



= 50,993 



(1) 



(2) 



h, = ^ Nu D =-Q.023He°, E Pr 1 "' =^^ x0 .023(3O,993) 0 -*(6.62) 1 ' 3 = 10,906 w/m 2 . K(3) 

D D D :-:i4m ' 

using the Colburn equation for fully developed turbulent conditions. 
Overall coefficient: 

0 = (1/h; + l/h 0 ) _1 = ( 1/10, Q06 + 1/2 1, 800 ) _1 = 72(59 w/ m 2 K 
Effectiveness relations: With Qua = C c and rh c = p(jiD : /4)uniN, 

1 = "lims = eC miii ( T h,i " T c.i ) 



^ in in ^C C C 



= 99Skg/m 3 (jtxO.OU 2 ci 2 /*)* 3.5 m/s x N x 4181 j/ka ■ K = 2248 N 



(4) 

(5) 
(6) 



Continued... 
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PROBLEM 11.49 (Com.) 



5.191 xlO°W = ex2248N(100-15)K 
eN = 27.17 

From Eq. 11.35a with C' : = 0, the effectiveness is 

s = 1 - exp (-NTU ) = 1 - exp(-0. 142 ) = 0.1 32 

where, using A. = jcDLNP, NTU is evaluated as, 

UA. 7269 Wm" ■ K < ,7 >: 0.014 m x 0.5 m) N >: 2 

NTU = - = L =0.142 

C min 2248N 

Hence, using Eq. (7), the required number of tubes is 

N = 27.17/s=205.8 = 206 
and the total surface area is 

A t =,TDLXP = ,7xQ.ai4mx0.5mx 206k 2 = 9.06m 2 . 

(b) The water outlet temperature with = 2248 N = 463,090 W/K, 

T c .o = T c .i+q/C min =15 : 'C + 5.191 >;10 6 w/463 > 05'OW/K = 26.1°C 

(c) The maximum condensation rate will occur when q = q^s. Hence 



(T) 
CS) 



C min ( T h,i ~ \i ) 463, 090 \V/k(1 DO - 1 5) K _ ^ ? ^ 



h f s 2257 xlO 3 J/kg 

(d) Using the IHT Heat Exchanger Too!, All Exchangers, C> = (5. along with the Properties Too! for 
Water, the foregoing analysis was. performed to obtain T TtJ and rh b using the heat transfer surface area A= 
= 9.06 nr (part a) as a function of u^. 




2 3 ' £ 

Water rreanirekKhy un (m's) 

— • — Cullel lenperature, too (C) 
a Condp"^~on rate, r-idanrnC' -;ko,i l &) 

Note that the condensation rate increases nearly linearly with the water mean velocity. Tlie cold water 
outlet temperature decreases nearly linearly with i\ a . We should expect this behavior from energy balance 
considerations. Since h^ is nearly two times greater than h; r U is controlled by the water side coefficient. 
Hence U will increase with increasing u^. 

COiDEEXTS: Xote that the assumed value for T rn to evaluate water properties in part [a) was a good 
choice. 
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PROBLEM 11.50 



KNOWN: Dimensions of eounterflow, concentric tube heat exchanger for recovering heat from 
shower drains. Inlet temperatures of hot and cold water streams. Heat transfer coefficient of 
inner (hot) flow. Mass flow rate of outer (cold) flow. 



FIND: (a) Heat transfer rate and outlet temperature of cold flow, (b) Heat transfer rate and outlet 
temperature of cold flow when helical spring provides specified outer heat transfer coefficient, (c) 
Daily savings if 1 5 ; 000 students each take a 10 -minute shower per day and cost of heating water 
is S0.07/kWh. 



SCHEMATIC: 



Hot waste water 

T n . = 38°C, m = 10 kg/mm 



Di = 0.D5m 



Cold fresh water 
T c ,i = 1D°C 
rn = 10 kg.'min 




I = 1 m 



Annulus 



Falling film 

h h = 10,000 W/m 2 -K 

- d = 0.01 m 



ASSUMPTIONS: (1) Constant properties and steady-state conditions,. (2) Negligible heat 
transfer to surroundings. (3) Fully developed flow in the annular gap, (4) Uniform surface 
temperature correlation is appropriate. (5) Inner tube wall thermal resistance is negligible. 

PROPERTIES : Table A. 6, water (T » 300 K): k = 0.613 W/m K : c T = 4179 J/kg-K, li = S55 x 
10" s N s/m\ Pr= 5.83. 

ANALYSIS : (a) We begin by finding the heat transfer coefficient for die flow in the annular 
gap. The Reynolds number is 



Re D 



P"m D h _ m D h _ 4lh 



4 x 1 0 kg / mill-' 6 0 nun s 



H A c iiP 855x10 0 N-s/m 2 *7r.(0.05 m + 0.07 m) 



:206S 



Continued. 
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PROBLEM 11.50 (t out.) 

Thus the flow is laminar and from Table S.2 with Dj.T) s =0.71. Nix =5.36. Hence, 

Nu^ 5.36x0.613 W.n-K^ ^ R 
D u 0.02 in 

Then the overall hear transfer coefficient is 

U = [l/h c +l/h h r L = [1/164 W/m 2 K + l/ia 000 W/m 2 K] -1 = 162 W/m 2 K 

and using the e-KTU method, with CW = C:^ = mc p = 697 W/K C r = 1 , we have 

NTU = UAJC^ = UitDjL/C^ = 162 wW-K x it x 0.05 m x 1 m/697 W/K = 0.036 
And from Eq. 1 1 .29a, e = NTU/(1 + NTU) = 0.035. Thus from Eqs. 1 1. 18 and 1 1 . 1 9, 

q = sQniafTt.L - T c .O = 0.035x 697 W/K (38 - 10)°C = 686 W < 
and fromEq. 1 1.7b, 

T c . 0 = T cj + q/Q = 10°C + 686 W/697 W/K = 1 1 .0°C < 

(b) The value of U changes to U = [1/9050 W/m : -K + 1/1 0,000 WW K] 1 = 475 L W/K. Then 
NTU = 1.07, e = 0.517, and 

q = sC^tTt.i - T c .i) = 0.5 1 7x 697 W/K (38 - 10)°C = 10,087 W < 

T C . D = T c .j + q/Q = 10 n C + 10,087 W/697 W/K = 24.5°C < 

(c) The savings is the cost of the energy transferred from the wastewater to the cold water. 

Savings = 10.087 kW x 600 s x 1 5,000/3600 s/h x $0.07/kWh = $1 765 < 

COMMENTS: (1) Commercially-available devices that are used in high density 7 buildings such 
as dormitories are typically installed on larger drains that collect shower water from multiple 
showers, rather than on individual showers. The devices use heat transfer enhancement 
techniques to ensure large values of the cold side heat transfer coefficient. (2) WiuiXfa., = 
O.OSReDPrDh = 38 ni the flow in the annular gap is not fully developed, and the actual heat 
transfer coefficient would be higher than predicted m part (a). (3) In part [a), the properties of the 
cold stream should Lave been calculated at the mean temperature of 283.5 K. However, the error 
caused by assuming fully developed flow would be greater than that due to evaluating properties 
at the wrong temperature. 
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PROBLEM 11,51 
KNOWN: Shett-and-tube HXer with one shell and one tube pais. 

FIND: (a) Oil outlet temperature for prescribed conditions, (b) Effect of fouling and water flowrate on 
oil outlet temperature. 

SCHEMATIC: 



Nt= 100 cop per tubes, - 
L-Q.Sm 

Dq-B mm, * 
Dj, = 6 mm, 

fi" f 0 = 0.0003 rrf-KW (Part b) 



it 



/),, - 500 W/rn ? 




0.5 x[m) 



ASSUMPTIONS: (L) Constant properties, (2) Negligible fouling and losses to surroundings, (3) 
Uniform tube outer surface temperature. 

PROPERTIES: Table .4.5, Engine oil (T^ = 350 K): p h = 854 kg/m 1 , c P . t = 2118 J/kg-K 14 = 0.0356 
N-s/m 2 , kt = 0.318 W/m-K, Pr b = 546: Table A.6, Water (T c * 320 K): c,. : = 4180 J/kg-K; Table A. I, 
Copper (T as 320 K) k = 399 WuiK. 

ANALYSIS: (a) To determine the outlet temperature of the oil. we will need to know the overall heat 
transfer coefficient. From Eq. 11.5, 



1 



1 _ + h(D 0 /Di) Rf, 



(l) 



UA hiAj 2,TkL t A 0 

where ho = 500 \V/m 2 -K (water-side) and h, (oil- side) must be estimated from an appropriate correlation 
Using properties evaluated at an estimated average mean temperature « 350 K, find 
4m h! 4x(lkg/s/lOG) 



Re 



D.h 



• TD iAn 7T ( 0.006 m) x 0.03 56N ■ s/ m' 



- = 59.6 . 



Since Re; < 2300. the flow is laminar. To assess flow conditions, evaluate 



Gz 



-1 



L/D ; 0.5 m/0. 006m 



Re D.li 



59.6x546 



■■ 0.00256 



(2) 



C3) 



Since Gz 1 < 0.05. the flow is cliaracterized by combined entry length conditions (Fig. 8.10), and with Pr 
> 5, Eq. 8.56 applies 



— 0.066 8(D/L)Rer>Pr 0.0668(0.00256) _1 
Nud =3.66 + — D ,,, =3.66+ ;L r -^ = 12.0 



l-0.04[(D. ; L)Re D Pr] i 



1 + 0.04(0.00256)' 



-1/3 



(4) 



Hence. 



h, = Nud — = 12,0 x 0.138 W/m K/( 0.006m) = 275 w/ m 2 K 



Continued.. 
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PROBLEM 11.51 (Cont.) 



With Rf >0 = 0 and L, = N t L, Eq. L yields 

UA TXjL^h^i 2k h 0 D 0 } 

— = ! \li I ;0Q w/ m"-Kx 0.008 ni j + In (g/6)/(2 x 399 W/m K) + l/f27iw/m 2 Kx 0.006m |] 

— = 6.366 x ID -3 ro.2500 + 0.0003 + 0.60511 =5. 446x1 0~ 3 K/W 
UA L J ' 

UA = 1 84 W7K 

With knowledge of UA. we can now use the s - NTU method to obtain the oil outlet temperature, Tto. 
Find the capacity rates, C = mCp , 

C c =iii c c pc = 2kg/sx 4L80J/kg ■ K = 8360 W/K = C lllax 

C ]l =m ll c p h =lkg/sx 2118 j/kg-K= 2118 W/K = C min 

^-<W<W = 2118/8360 = 0:253 
From Eq. 11.24, find 

7 NTU = UA/C mm =184 W/K /( 2 1 1 8 W/K ) = 0.0S67 (6) 

For this exchanger - one shell and one pass - there are no figure s (1 1 . 14- 19) or relations (Table 11.3) that 
can be directly used to evaluate s. However, the HXer approximate i a CF concentric tube HXer; hence, 
use Eq. 11.29a. 

_ l-exp[-NTU(l-C r )] _ 1-exp [-0.0867(1 -0.253)] (?) 



l-C r exp[-NTU(l-C r )] 1 - 0.253 exp [-0.0867 (1-0.253)] 
From the definition of effectiveness. 

q c h( T li,i ~ T h,o) 

T h,o = T h -£-(T h i -T c i ) = 140' 3 C-O.OS22( 140-15)' C = 129.7° C < 

The foregoing result indicates that =; 408 K. which is much larger than the assumed value of 350 K. 
Since the properties of oil depend strongly on temperature, they should be re-evaluated and the foregoing 
calculations repeated until convergence is achieved. Using the Correlations. Properries and Heat 
Exchangers Toolpads of ML we obtain hi = 226 W/nr-K UA = 1 59 W/K, s = 0.064, and T tiD = 132°C. 

Continued 
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PROBLEM 11.51 (Cant.) 



(b) If die foregoing calculations are repeated with Rf„ = 0.0003 m'-KAV, tliere is only a slight increase in 
the oil outlet temperature to Tt i0 = L32.3°C. The effect is small because the fouling resistance is 
approximately an order of magnitude smaller than the convection resistances. As shown below. 




the effect of the water flowrate is also small, because., even for rii c = 1 kg/s. T ( 3 is only approximately 
4.5°C larger than T c ,j. Although the effect of rii c on ho has not been considered, it would also be small 
smce the water- side convection resistance is substantially Larger than the oil side resistance. 

COMMENTS: In Part (a), note that the Nusselt number for the oil entrance region flow is 12.0/3.66 p= 
3.3 rimes that for fully developed flow. 
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PROBLEM 11.52 

KNOWN: Shell- and-tu be heat exchanger with one shell pass and 20 mbe passes. 
FEND: Average convection coefficient for the outer tube surface. 
SCHEMATIC: 



Cupper tubes,' 



ASSUMPTIONS : (L) Negligible heat loss to surroundings, (2) Constant properties, (3) Type of oil 
not specified. (4) Thermal resistance of rubes negligible; no fouling. 

PROPERTIES: Table A-6, Water, liquid [T h = 330 K): Cp = 4184 Jkg-K, k = 0.650 W/m-K, u = 
4E9 x 10" S N s/m 2 , ft = 3.15. 

ANALYSIS: To find the average coefficient for the outer tube surface, hj, we need to evaluate \\\ for 
the internal tube flow and U. the overall coefficient. FromEq. 11.5, 

1 1 1 



' 1 u 

N^L^hA h 0 D 0 _' 



UA hjAj h 0 A 0 

where N t is the total number of tubes. Solving for h„, 

-1 

(1) 



h o = D 0 1 j^(UA) ^^L-l/^Dj 



Evaluate lij from an appropriate correlation: begin bv calculating the Reynolds number. 

R, Dl =±^l = 4,0.2 kg/,' fi03g 

JriV ,T(0.020m) 489x10 G N-s/nr 
Hence, flow is turbulent and since L » Di, the Eow is likely to be fully developed. Use the Dirrus- 
Boelter correlation with n = 0.3 since T. < T m , Nu D = 0.023 Re^ 5 Pr 0 ' 3 

hj = JiNu D = W/m - K xQ.Q23(26,03S) 4/5 (3.15) 0 - 3 ^3594 W/m 2 KL (2) 
D 0.020m 

To evaluate UA, we use the s-NTU method. 

Ch = mjjCp h =0.2 kg/sx4184 J/kg-K =S36.8 W/K 
q = Q.(Th,i -Th, 0 ) = 83(5.8 W/K(87-27)°C = 50,208 W 
Then from an energy balance cm the cold fluid, 

Q = q/(T CiB - T tJ ) = 50,208 W/(37 - 7) 3 C = 1674 W/K 

Thus C T = CmJCaa =0.50, q ma = C„ao(Tu - T C j) = 66,944 W, and e = q/q^x -0.75. From Eqs. 



Continued... 
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PROBLEM 11.52 (Coiit.) 



£ 2/s-Q + C f ) 2/0.75 -(1+0.5) ] ^ 
(1 + C 2 ) 1 '' 2 (1 + 0.5 2 ) 1 '' 2 

NTU = -(1 + C 2 )k| |-j J = 3.44 
Therefore, 

UA = NTU x = 3.44 x 83(5.8 W/K = 2881 W7K 

and 

h 0 = (0.024m)" 1 [(2881 W/K)" 1 x20x,Tx3m-l/3594 W / m 2 ■ K x 0 020m 
= 808 W/m 2 -K. 



C3> 



n-1 
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PROBLEM 11.53 

KNOWN: Engine oil cooled by air in .1 cross-flow heat exchanger with both fluids unmixed. 

FEND : (a) Heat transfer coefficient on oil side of exchanger assuming fully-developed conditions and 
constant wall heat flux, (b) Effectiveness; and (c) Outlet temperature of the oil. 

SCHEMATIC: 

III IIIIH llll Hill C " " 7". = 75'C - — 2L__T 

^^ l llll lll l l l i f^ w-w 



30'C 



ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Oil flow and 
thermal conditions are fully developed, (4) Oil cooling process approximates constant wall flux 
conditions. 

PROPERTIES: Table AS, Engine oil (assume T h o * 45°C r T h = (45 - 75)°C/2 = 333 K): c^ = 2047 
I/kg-K, u = 7.45 x 10" 2 N-s/m 2 , k = 0.140 W/m-K, Table A-4, Air (assume T^„ » 40°C = T c = (30 + 
40)°C/2 = 308 K, 1 atm): c f = 1007 J/kg-K. 
ANALYSIS: (a) For the oil side, using Eq. 8.0", find, 

Re D = 4 m/ffD/J = 4(0.026 kg/ s)/^T(0.01m) 7.45xlQ" : N-s/m 2 j = 44.4 

Since Rerj < 2000 the flow is laminar. For the fully-developed conditions with constant wall flux. 

h;D k 0.140 W/m-K ? 

Nu D = — = 4.36, h, =4.36— = 4.36 = 61.0 W.'m -K. < 

U k 1 D 0.01m 

(b) The effectiveness can be determined by the e-NTU method. 

C h = m h c h = 0.026 kg/a x 2047 J/kg-K = 53.22 W/K C mm = C h 

C c = m c c c = 0.53 kg / s x 1 007 J / kg - K = 533.7 W/ K / = 0. 1 0 

NTU = UA/ C n]m = 53 W / in 2 ■ K x lm 2 / 53.22 W / K =1.00. 

Using Fig. 1 1 . 1 4, -with C mm /CW = 0. 1 and NTU = 1 , find s a ■ 0 . 64. < 

(c) FromEqs. 11.19 and 1 1.18, 

q _. C n( T h,i- T h.o) _ T h;t -T h;0 
Imax C nllll I [ - T c l ) T L i ~ T c ,i 

Solving for Tj. 0 and substituting numerical values, find 

T h.o = T h;i -f(T h i -T ci ) = 75°C-0.64(75-30)°C=46.2 a C. < 

COMMENTS: Note that the value at which the oil properties were evaluated is reasonable. 
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PROBLEM 11.54 

KNOWN: Shell-tube heat exchanger with one shell and single tube pass: Tube side: exhaust gas with 
specified flow rate and Temperature change: Shell side: supply of saturated water at 1 1 . 7 bar; Tube 
dimensions and thermal conductivity, and fouling resistance on gas side. Rjf n , specified. 

FEND : Number of tubes and their length if the gas velocity 7 is not to exceed lijm = 2 5 rn/s. 
SCHEMATIC: 

Sat. water 

„_ 117h ,. Exhaust gas One she 
p - n.f car | niiwil* -„ 



p — i i ,r ua\ I 

^ . . . 



T ■ = 4D0 o C Single pass, N tubes, length L 



T 



m h = 2 kgi's 



T h .o = 21 5°C %s#a-S///A-S///*WMWA-S/// *, R". h = 0.001 5 m^-K/W 



ASSUMPTIONS: (1) Steady- state conditions. (2) Negligible losses to the surroundings, (3) 
Negligible water-side thermal resistance. (4) Exhaust gas properties are those of atmospheric air, (5) 
Gas -side flow is Silly developed, and (6) Constant properties. 

PROPERTIES: Table A-4, Arr {% - 581 K): p = 0.600 kg / m 3 , c = 1047 J / kg ■ K, 
v= 4.991 < 10" 5 m 2 / s, k = 0.0457 W7 m K, Pr = 0.684. Table A-6, Water (1 1 .7 bar, 
saturated): T c ( = 460 K = 187° C. 

ANALYSIS: We'll employ the NTU-s method to design the exchanger. Since C r = 0, use Eq. 
11.35b. 

NTU=-/n(l-£) 
where the effectiveness can be evaluated fromEqs. 11.18 and 11.19. 

c mm = c: h = ™h c h = 2 kg / s x 1047 J / kg ■ K = 2094 W / K 

Ch ( T h,i-Th,o) (400-215)° C 



c mm (Th.i-Tc.iJ (400-lS7)X 
NTU = -(n{l- 0.868) = 2.029 



= 0.868 



FromEq. 11.24, 

UA = C mm NTU = 2094 W7 K x 2.029 = 4249 W/ K (1) 
Considering the gas-side flow rare and velocity 7 criteria, find the number of tubes required as 

m h = N ■ p h ■ A c ■ u nl;1 = N -Phi^Df /4)u nij i 

Continued 
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PROBLEM 11.54 (Cont.) 

2 kg/s = Nx 0.600 kg'DT x te(0.050 m) 2 /4 x 25 m/s 

N= 67.9 tubes, specify 6S < 

The overall coefficient, considering the convection process, fouling re stance and the tube thermal 
resistance, is evaluated as 



U i = 1 ; [ R £i + R cv,i + R cclt] = 564 W ■' ™ 2 ■ K 



=0.0015 m 2 -K/W 

R cv,i = 1 h i = 1 62 W / in 2 - K = 0.0 1 61 m 2 ■ K / W 

Di (n (D 0 /D.) 0.050 mfn(58/ 50) _ 5 j 

RL r ,, t = —5 y- = : ^ = 9.28 x 10 5 m" -K/W 

■ 2 k 2x40W/m-K 

where the gas- side convection coefficient estimate is explained in the Comments section. Substituting 
numerical values, determine the required tube length 

[UA] = Ui ■ A; = U, (N ffDi L) 

4249 W/ K = 56.4 W/ m 2 - K x 68 x *r x 0.050 m x L 



L = 7. 1 in < 

COMMENTS: (1) Is the assumption of negligible water- side thermal resistance reasonable? Explain 
why. 



(2) Knowing the tube gas-side velocity, the usual convection correlation calculation methodology is 
followed. The flow is turbulent, Rey^ = 2.5 x 1 0^ . and assuming fully developed flow, use the 

Dinius-Boelter correlation. Eq. S.60, to find Nupji = 67.8 and hi = 62.0 W/ in 2 ■ K. 
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PROBLEM 11.55 



KNOWN: Hot and cold gas flow rates and inlet temperatures of a recuperator. Overall heat transfer 
coefficient. Desired cold gas outlet temperature. 

FES'D: (a) Required surface area, (b) Effect of surface area on cokl-ga; outlet temperature. 
SCHEMATIC: 

Combustion products^ m h = S.5 kg/S 

T n j = 700 K 

rn c = 6.2 kg/s 
T,i= 300 K 




T Ci0 = 500 K 



Cross-flow HX 

■;r;.-;:n '|.i nF. i.rr-ctBdi 

u = 100 w;m 2 -K 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties. 
PROPERTIES: Given: c p _ c = c p ll = 1040 W/m-K. 

ANALYSIS: (a) With CW = Q = 6.2 kg/s x 1040 J/kg-K = 6,448 W/K, C maK = Ch = 6.5 kg's x 1040 
J/kg-K = 6,760 W/K, C r = CWCmax = 0.954, q = C c (T Ci0 - T c ,i) = 6,448 W/K (200 K)= 1.29 x 10 & 
W, qmaK = C,ui Q (Tj! .i - T c = 6,448 W/K (400 K) = 2.58 x W 6 W, and e = q|„...,, ; = 0.50, Fig. 1 1. 14 
yields NTU a 1.10. Hence 



a _ NTUkC um 



1.10x6,448 W/K - 
: ■ = 70.9 m 

17 100W/m 2 -K 
(b) Using the Heat Exchanger option of ZHT, the following result was obtained 





SOD 




55D 












50 D 


1 


45D 




40D 


■- 








35D 




SOD 




50 10D 15D 20D 

Heat excnanger area. m A 2 



The air outlet temperature increases, of course, with increasing heat exchanger area, but the approach 
to the maximum possible outlet temperature. T^, is slow and the heat exchanger size needed to 
achieve a large outlet temperature may be prohibitively expensive. 
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PROBLEM 11.56 

KNOWN: Inlet temperature and flow rates for a concentric tube heat exchanger. Hot fluid outlet 
temperature. 

FIND: (a) Maximum possible heat transfer rate and effectiveness, (b) Preferred mode of operation. 
SCHEMATIC: 

^Et hylene gly col j 

Xi^oo^: ^ ^ 

T h o = 60X, ^wfi^>7i^I5 a C, ttj c = aSkgfs 

ASSUMPTIONS : (1) Steady-state operation, (2) Negligible heat Loss to surroundings, (3) Fixed 
overall heat transfer coefficient. 

PROPERTIES: Table AS, Ethylene glycol ( T m = SO°C): c p = 26"50 J/kg-K; Table A-6. Water ( T ln 

<s30°C):Cp = 4178J/kgK. 

ANALYSIS: (a) Using the e-NTU method, find 

c min = c k = ™h c p,h = ( 0.5 kg / s) (2650 J / kg K) = 1325 W / K. 
Hence from Eq;. 1 1 . IS and 1 1 .6. 

Qmax = Cnun (T^ - T c ^ ) = (1325 W / K) (100 - 1 5 ) °C = 1 . 1 3 x 10 5 W. 

q = ™h c p.h ( T h.i " T h.o ) = 0 5 k S ^ (2650 J / kg - K )(100 - 60 ) °C = 0. 5 3 x 1 0 5 W. < 
Hence from Eq. 11.19, 

e = q Imax = 0.53 x 1 0 5 1 . 1 3 x 1 = 0.47. < 
(b) From Eq. 11.7, 

T C0 =T ci +— 3— = 15=C + = 40.4°C. 

C;0 Cl1 rii^cpc 0.5kg/ sx4178J/kg-K 

Since T co < Th 0 . a parallel flow mode of operation is possible. However, with (Q^u/'Cmax) = (iii n 
Cp.h/ihc Cp :C ) = 0.63, 

Fig. 11.10 — ► (NTU)?f = 0.95 Fig. 11.1 1 — > (NTU)cf * 0.75. 

Hence from Eq. 11.24 

( A CF / App ) = ( NTU ) CF / (NTU) pF * (0.75 / 0.95 ) = 0.79. 

Because of the reduced size requirement, and hence capital investment, the coitnteiilow mode of 
operation is preferred. 
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PROBLEM 11.57 



KNOWN: Single-pass, cross -flow hear exchanger with both fluid; (water) unmixed: hot water enters 
at 90°C and at 10,000 kg'h while cold water enters at 10°C and at 20,000 kg/h: effectiveness is 60%. 



FIND : C:old water exit temperature, Tc_ 0 . 
SCHEMATIC: 

wafer} 
I T Ctt =IO-C.m c 




£=060 



c-ZQQOOkglh 
>T cJ =1 0-C 

\CF\ Arrangement 



ASSUMPTIONS : (L) Negligible heat Loss to surroundings, (2) Constant properties. 

PROPERTIES: Table A-6, Water ( T c * (10 + 40)°C/2 * 300 K): c c = 41 79 JVkg-K; Table A-6, Water 
(T h * (90 - 60)°C/2 * 350 K): c h = 4195 J/kg-K. 

ANALYSIS: From an energy balance on the cold fluid, Eq. 11.7, the outlet temperature can be 
expressed as 

T c,o = T cl +q/m c C c . 
The heat rate can be written in terms of the effectiveness and q^ax- Using Eqs. 11.19 and 11.18, 

1 = s 'lmax = g ^- tnni ( Th,i — T c l j. 

By inspection, it can be noted that the hot fluid is the minimum capacity fluid. Substituting numerical 
values. 

q = f(m u c h )(T Uji -T cl ) 

q = 0.60 (TO, 000 kg / h /3600s / h) 4 195 J / kg - K (90 - 1 0) C C = 559.3 x 10 3 W 
The exit temperature of the cold water is then 



:10°C + 559.3 xl0 3 W/ 



20,000 
3600 



kg /ax 41 79 J. 'kg K = 34.1°C. 



COMMENTS: (1) The properties of the cold fliud should be evaluated at T = (T c o - T c i>'2 = (34.1 
+ 10)°C/2 = 295 K. Note the analysis assumed T c t 300 K, hence little error is incurred. For best 
precision, one should check T^ and Q,. 

(2) From Fig. 1 1 . 14, the value of NTU could be determined. First evaluate the term 



^min ■' ^max. — ln h ^ h ■' ^c ^c 



10,000*4195 
20,000x4179 ' 



0.50 



and with z = 0.60. find NTU * 1 .2. 
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PROBLEM 11.58 

KNOWN: Hxer consisting of 32 tubes in 0.6m square duct. Hot water enters tubes at 150 C C with 



3 

mean velocity O.i m's. Atmospheric air at 10 S C enters exchanger with volumetric flow rate of 1 m /s. 

2 

Heat transfer coefficient on tube outer surfaces is 400 W/m K. 
FEND: Outlet temperatures of the fluids, T c 0 and T^ 0 . 
SCHEMATIC: 




Tube L--0^ J n l /V=32 



'c.i 'c f o 



T h -=150X 

Di -tQ.Zmm 
D 0 - lZ,Smm 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Hxer is a 
single-pass, cross -flow type with one fluid mixed (air) and the other unmixed (water), (4) Tube water 
flow is fully developed, (5) Negligible thermal resistance due to tube wall. 

PROPERTIES: Table A-4, Air (T cl = 10°C = 283 K, 1 atm): p= 1.2407 kg.'m"; Table A-4, Air 
(assume T co ft 40°C, T c = (10 - 40)°C/2 = 29S K. 1 atm): c p = 1007 J/kg-K; Table A- 6, Water 

(assume T Lo s 140°C, T h = (140 + 150)°C/2 = 418 K): p= l-v f = 1/1.0850 x 10" J nTVkg. c p = 4297 
J/kg-K, fjf= 188 x 10" 6 Ns/m, k f = 0.688 W/m-K, Pr f = 1.18. 
ANALYSIS: Using the e-NTU method, first find the capacity rates. 
C h = m h c p,h = (P A c u m) u N - c p,h 



Ch 



1.0S50xl0 3 m 3 /kg 



x t _i \ 2 m J W 

<- 10.2x10 m x:0.5 — x32x4297 = 517S — 

4 1 I s kg-K K 



kg 



C c = m c c P;C = (p V) c c p c = 1 .2407-|- * lni / sx 1007 J/kg-K = 1249 



W 



(1=2) 



Note that die cold fluid is the minimum fluid, C c = C ullu . The overall heat transfer coefficient follows 
fromEq. 11.5, 



Uo-^-o — 



1 



1 



hiAi h 0 A o 



(3) 



w r here hi must be estimated from an appropriate internal flow correlation. The Reynolds number for 
water flow is 

D . (l/1.0850x 10~ 3 m 3 kg ) x 0.5m/ s x f 1 0.2 x 1 0 -3 m | 



Re D : 



P n m J 



ISSxIO ^N-s/m 2 



: 25,002. (4) 



Continued . 
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PROBLEM 11.5S (Cont.) 

The flow is turbulent and since UD[ = 0.6m'' 10.2 x 10" 3 m =59, fully developed conditions may be 
assumed. The Dittus-Boelter correlation with n = 0.3 is appropriate. 

Nu D = = 0.023 Re 0 / Pr° 3 = 0.023 ( 25, 002 ) 08 (1 . IS) 03 = 79.7 

k 0.688 W J m-K ,,^^ . 2 

h; = — Nuq = x79.7 = 3.1 76 W m -K. 

D i 10.2x10 m 



Substituting numerical values into Eq. (3), find 

f 12.5tmn 1 
'.,10.2mm J 



U 0 



T 1 

1 12.5mrn \ 1 1 .. 2 ^ 

- 366.6 w ■■ m K. 



5376 W / m 2 - K 400 W / m 2 K 



It follows from Eq. 1 1.24, with = N(;rD 0 L), that 

NXu = = 366 .6^— x f 32 y 12. 5 x 1 Q _3 mx 0.6m)/ 1 249 — 

From Fig. 1 L15 : noting that = C c is' the mixed fluid (solid curves), 
CWed _ C.^ _ C c _ 1249 W/K _ Q 21 
C unmixed '-max '-h 5 178 W/K 
and with NTU = 0.22 find s * 0. 19. From the definition of effectiveness, Eq. 11.19, 

a C c (T co -T cl ) 
Imax C sran (T^ - T c ^ ) 

T c 0 = T c ; + £ (T h i - \ A ) = 10°C + 0. 19 (1 50 - 10)°C = 36.6°C. 
Equating the energy balances on both fluids, 
C c [ T Cj0 - T Cjl ) = Q, (T^i -T hj0 ) 



Q 

T h,o = T h,i —zr f T c.o - T C,1 ) 
1249 W/K 

T h 0 = 1 50°C (36.6- 10 ] °C = 143 .5°C. 

5178 W/K l 

COMMENTS: (1) Note tliat the assumptions of T\ 0 and Tf_ 0 used m evaluating properties are 
reasonable. 

(2) Note that to calculate m c from V, the density at 10°C is more appropriate than at T c . 
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PROBLEM 11.59 



KNOWN: Flow rates and inlet temperature* of exhaust gases and combustion air used ill a cross-flow 
(one fluid mixed) heat exchanger. Overall hear transfer coefficient. Desired air outlet temperature. 

FEND: Required heat exchanger surface area. 

SCHEMATIC: 




^£xAatist gases 



Cross fi*w hxer, 
„. - air mixmxi, 



ASSUMPTIONS: (1) Steady-state conditions. (2) Negligible heat loss to surroundings, (3) Constant 
properties, (4) Gas properties are those of air. 

PROPERTIES: Table A-4, An (T m = 700 K, 1 atm): c p = 1075 J/kg-K. 

ANALYSIS : Using the e - NTU method, 

C c =m c c 1) _ c = lOkg/s * 1075 T/kg K = 10.750 W/K 

C h = inhc p ,h= 15 kg/s « 1075 Lkg-K = 16,125 W;K 

Thus C r = C: m i n / ' C max = ° 667 ^ E = l^max = <J c ,o -T^iVC^i -L ci ) = 0.688 
From Eq. 11.34b, 

NTU= -— ln[C r ln(l-s)+ l] = -— !— lu[0.667 In (1 - 0.68S) + l] = 2.24 
C r 0.667 



Therefore, 

A =NTU x CwU = (2.24 x 10.750 W/K)/ (100 W/m^K) = 241 nr 
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PROBLEM 11.60 



KNOWN": Dimension?, configuration and material of a single-pass, cross -flow heat exchanger. Inlet 
conditions of timer and outer flow. Fouling factor of inner surface. 

FIND: (a) Percent fuel savings for prescribed conditions, (b) Effect of UA on air outlet temperature and 
fuel savings. 



SCHEMATIC: 



■ rhf, = 1.05 kg/s 
-m c = 1.0 itg/s 




Tube, k - 20 W/m-K, 
D 0 - 80 mm, D ( = 55 mm 



o 



«*-2x 1CT»m 2 4C/W, O O ©T 



L = 1.4 m, W=flO- 



S - 1M -mi- 

^© © © X 



S ; - 120 mm 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Air properties are those of atmospheric 
air at 300 K, (3) Gas properties are those of atmospheric air at 1400 K, (4) Tube wall temperature may be 
approximated as 800 K for treating variable property effects. 

PROPERTIES: Table A.4, Air (1 aim, T = 300 K): v = L5.S9 x 10* nrVs, Cp = 1 007 J/kg -K : k = 0.0263 
W/mK, Pr = 0.707; (T = 1400 K): u = 530 x 10" 7 kg's-m, c p = 1207 J/kg-K, k = 0.09 1 W/m-K, Pr = 
0.703; (T= 800 K):Pr = 0.709. 

ANALYSIS: (a) With capacity' rates of Q = m c Cp_ c = 1 kg's x 1007 J/kg-K = 1007 W/K = C„ and C t 
= m u c p h = 1 .0 5 kg/s x 1207 J/kg K = 12 67 W/K = C™, CWC,,™ = 0.795. The overall coeffic lent i s 



1 

UA 



1 Rfj lnfD 0 /Dj 
- h 1 — I — H ^ — -+- 



hjAj Aj (,2,TkL)N 
For flow through a single tube, 



h 0 A o 



Re D 



4mt, 



4 xl. 05 kg/s 



NffDi/J 80^(0.055 m) 530x10 7 kg/s -m 



; 5733 . 



Assuming fully developed turbulent flow throughout and using the Gmelinski correlation. 



Nu D = 



(f/S)(Re D -1000) Pr 
1-12. 7:f S: 1 : (Pl- J 3 -l) 



= 18.8 



where f = (0.79 hi Re : - 1.64)" 1 = 0.0370 

hi - Nu D k/D, - 18.8(0 091 W/mK)/0.055m- 31 lw/rn- K . 

For flow over the tube bank 

Yniax ~ [ S T/( s T - D o )] v = [°- 12 m /( °- L2 "" °- 08 ) m] Lni/s = 3 m/s 



r 



3 m/s (0.08 in) 



15.89x10 v nT/s 



■=15,100 



From the Zukauskas correlation for a tube bank : 



Nu D =0.27(15.100) U - 03 (0.707) U - J6 (0.707/0.709 J 1 : ' 4 =102.3 
h 0 = Nud (k/ D o ) = 1 02 . 3 ( 0 . 0263 W/m K )/0 . 0 8 m = 33 .6 w/m 2 ■ K . 



Hence, based on the inner surface, the overall coefficient is 



Continued... 
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PROBLEM 11.60 (Cant.) 

1 1 Djlnfo/Dj) Dj 

= + K.f ; + 4- 

Uj hi : 2k Dalic. 

1 ( 0.055 In (0.08/0.055) 0 055 1 
0.0322 + 0.0002 +- * - + l 

20 0.08x33.6 I 



— 



■ K/W 



0.0322 + 0.0002 + 0.001 + 0.0205m i ■ K, 



;/w] = 



18.6w/m 2 K . 



Hence, i UA !. = UjN.tDjL = 1 S.6 w/ ill" K :• 80.t{ 0.055m il.-m = 3dG W/K . The -limber of transfer 

units is then NTU = UA'C^ = 360 W/K/l 007 W/K = 0.357, and with Cn^C.,,™^ = C c C^, = CWC™ 
= 0.795, Fig. 11.15 yields Eft 0.29 or. fromEq. 1 1.34 a, 

£ = L-exp^-C~ 1 {l-exp[-C f NTU]} j = 0.267 . 
Hence, with 

W = C m (T h;1 - T C;1 ) = 1007 W/K (1 100 K ) = 1 . 1 1 x 10* W 

q = Fq max =0.267x1. llxl0 6 W= 295 : 80QW 

T c.o = T c.i + l/ c min = 300 K + ( 295 > so ° W/1007 W/K ) = 594 K . 

Hence. 

% fuel savings = FS = (4T c /lOK)xl% = (294K/1QK) xl% = 29.4% < 
(b) Using the Heat Exchangers Toolpad of IHT to perform the parametric calculations, the following 
results are obtained. 




350 AUU A5U 9DD S5D 
Cornea an prenRer, UAiMK) 




Significant benefits are derived by increasing UA, with values of Tc.o = 716 K and FS = 41.6% obtained 
for UA = 600 W/K. The major contributions to the total resistance are made by the inner and outer 
convection resistances. These contributions could be reduced by using extended surfaces on both the 
inner and outer surfaces. 

COMMENTS: For part (a), properties of the flue gas should be evaluated at (Tt.i _ Th, D )/2 and 
the calculations repeated. 
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PROBLEM 11.61 



KNOWN: Rate of thermal energy production in combustor and transfer to load in furnace. C old air and 
flue gas flowrates and specific heats in recuperator. Recuperator cold an inlet temperature. 

FIND: Recuperator hot gas. inlet and outlet temperatures and air outlet temperature for a recuperator 
effectiveness of e = 0.3. Value of s needed to achieve a recuperator outlet temperature of 800 K. 



SCHEMATIC: 



Furnace ^ 

tj toad =1.4x10 6 W 



Combustor 




1 kg/s 
300 K 



m h = 1 kg/s 



'h,c 



0 0 



ASSUMPTIONS: (1) Constant properties. (2) Negligible effect of fuel addition on flow rate. 
PROPERTIES: Air and gas: = c p , t = 1200 J/kg -K. 

ANALYSIS: With C c = Q. = C^t, the effectiveness of die recuperator, e = q/qcm. may be expressed as 

__ <\-\\,, - _ T g3 -300K ^ 
Cmint^i-T^) T hi -3O0K 

The unknown temperatures. T c 3 and Ty, are also related through an energy balance performed on the an 
entering the combustor and leaving the furnace. Specifically. 

C ( T U _T c.o ) = Icoinb _ Qload = 0.o"x 10 6 W 
where C = 1 kg/s x 1200 J. ,, kg-K= 1200 W/K. Solving the foregoing equations, we obtain 

T hl =1014K T„=514K < 

Expressing the effectiveness as 

Ch(Tbj-T h , 0 ) 1014K-T ho 

s = - f '— = 

C inin [Jh,i _T e-,i ) 714K 

we also obtain T., 0 = 800 K. 

For a combustor air inlet temperature of T CiD = 800 K and Tb, : = 10 14 K. the required effectiveness is 



= 0.70 



T c,o- T c,i ( 800 -300) K 
E ~ Th.i-Tci ~ (1014- 300)K 

COMMENTS: The effectiveness of the recuperator may be increased by increasing KTU and hence UA, 
as : for example, by increasing the number of tubes. 
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PROBLEM 11.62 



KNOWN: Inlet and outlet temperatures and flow rates for a shell-and-tube heat eschanger with 
a single shell and 100 tubes making two passes.. Tube inner and outer diameters and length. Heat 
transfer coefficient for ethylene-glycol water mixture flowing in shell. 

FIND : (a) Heat transfer rate and outlet temperature? when the tubes are copper, (b) For nylon 
tubes, heat eschanger length required to transfer the same amount of energy as in part (a). 



SCHEMATIC: 

Ethylene-glycol 

T hii = 160°C; 

rh h = 2.5 kg / s 




T c .i = 2C°C 



Shell and tube hx 

1 shell pass 

2 tube passes 
100 tubes 

□i = 3.6 mm 
D D = 3.8 mm 

L = 0.8 m (0.4 m per pass) 
h 0 = 11.000 W/m-K 



ASSUMPTIONS: (1) Negligible heat loss to the surroundings, (2) Constant properties, (3) 
Fully developed water flow m rubes. 

PROPERTIES: Table A.6, water (T = 300 K): k = 0.613 W/m-K. c P = 4179 J/kg-K, yi = 855 x 
10" s N w, Pr = 5.83. Ethylene-glycol water mixture (given): p = 1040 kg/m J , c p = 3660 JVkg-K. 
Copper (T * 300 K): k, = 401 W/m-K. Nylon [given): k a = 0.31 W/m-K. 

ANALYSIS: (a) We begin by finding the heat transfer coefficient for the flow in tubes. The 
Reynolds number is 



4 1:04 



4<2.5 kgs/100 



'^DiMc Trx0.0036mx 855x10 e N-<s/m z 
Hence the flow is turbulent and we can use the Dittus-Boeiter correlation. 



= 1.03x10' 



4 



h c = (k/D 1 )0.023Re 4 j'' 5 Pr 04 = (0.613 W/m K/0.0036 m)0.02.3(l.Q3xl0 4 ) 4 ''~(5.83) 0 - 4 
= 1.29xl0 4 W/ra 2 -K 



Then UA can be found from 
UA 



=[-L_ 



-: 



2-Jtk, 



K nD o 



LN 



[6.85x10 J - 2.15x10 5 + 7.62x10 3 J W/m- K x 0.S mx 100 = 5522 W/K 

Continued... 
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PROBLEM 11.62 (Cont.) 



Using the s-NTU method = C t = 2.5 kg/s x 3600 J/kg-K = 9000 W.K, = 2.5 kg/s x 
41 79 J/kg-K = 10,450 W/K, C, = OS 61, and NTU = UA ; C m = 0.614. Then from Eq. 1 1 .30a, 



l + C r + (l + C 2 ) 1/2 x- 



1 + exp 


-NTU(1 + C 2 ) 1/2 


1 — exp 


-NTU(1 + C|) 1/2 



-: 



= 0.378 



and from Eqs. 11.1S = 11.19, 11.6b, and 11.7b, 



q = ECnmCTtj - T c .i) = 0.3 78* 9000 W/K (80 - 20)=C = 204 kW 
Ti. 0 = Tu - q/C h = 80°C - 204,000 W/9000 W/K = 57.3°C 
T C . D = T„ + q/Q = 20"C + 204,000 W/ 10,450 W/K = 42.7°C 



< 
< 
< 



(b) In ordex to maintain the same heat rate, we must have the tame effectiveness, which means 
that NTU and UA must be the same as in part (a). When the tubes are nylon, we can recalculate 
UAfromEq. (1), 



UA = 



2iik„ 



- + - 



1i 0 tD 0 



LN 



— 1 

6.85 x 10" 3 + 2.78 x 1 0" 2 + 7. 62 x 1 0" 3 j W / m KxlOOxL (m) = 5522 W / K 



Solving for L, 



L = 2.33 in 



COMMENTS: (1) The nylon tube bundle is significantly larger due to nylon's low thermal 
conductivity relative to the copper. Based upon a nylon density of 1 1 50 kg/m\ the masses of the 
two tube bundles are 0.83 kg and 0.39 kg for the copper and nylon, respectively. The cost 
difference between the two raw materials is negligible. However, the nylon heat exchanger may 
ultimately be less expensive when assembly costs are considered. Time-consuming and 
expensive brazing, joining, and welding processes associated with construction of the copper heat 
exchanger are avoided with use of materials such as nylon. (2) With L.'I) % 200, the fully 
developed assumption is excellent. (3) The properties of the cold stream should have been 
calculated at the mean temperature of 304 K, very close to the assumed value. 
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PROBLEM 11.63 

KNOWN: C oncentric tube heat exchanger with prescribed conditions. 

FEVD: (a) Maximum possible hear transfer, (b) Effectiveness, (c) Whether heat exchanger should be 
run in PF or CF to minimize size or weight; determine ratio of required areas for the two flow 
conditions. 



SCHEMATIC: 



m c -- Q125k 3 js 
ih h -0AZ5k s js 




9SX 



a 7l 



V-i 1 ' 



ASSUMPTION'S : (L) Negligible hear loss to surroundings, (2) Constant properties, (3) Overall heat 
transfer coefficient remains unchanged for PF m CF conditions. 

PROPERTIES: Hot fluid (given): c = 2100 J/kg-K; Cold fluid (given): c = 4200 J/kg K. 
ANALYSIS: (a) Hie maximum possible hear transfer rate is given by Eq. 1 LIS. 

Qmax = ^nun f ^h.i — ^c,o)- 
The minimum capacity 7 fluid is the hot fluid with C^ = ih n c^, giving 

q ulax = m h C]l (T n _i - T c o ) = 0. 125 — x 2 1 00 ^— ^ ( 2 1 0 - 40 ) K = 44, 625 W. < 

(b) The effectiveness is defined by Eq. L 1 . 19 and the heat rare, q, can be determined from an energy 
balance on the cold fluid. 

£ = °i ■•' Imax = ™c c c \ ^c,o ~ Tc,i ) ■' *lmax 

e = 0.125 kg /sx 4200 J /kg- K (95-40) K/ 44 625 W = 0.65. < 

(c) Operating the heat exchanger under CF conditions will require a smaller heat transfer area than for 
PF conditions. The ratio of the areas is 

A CF _ q UA L. m .CF _ ^ W.PF 

A p F q / U A T /m; PF A T/ m CF 

To calculate the LMTD r first fmd Tjj c from overall energy balances on the two fluids. 
m c c : 



T h,o = T h,i ■ 



fT co -T cl '}=210°C- Qi:! ^ 4200 (9.5-40) c C = 100 o C. 
[ C '° C - i} 0.125 k 2100 1 



in h c h 

Using Eq. 1 1. 15 with ATi and AT2 as shown below, find A T fm = (ATi - 4Ti>' £ n (AT1/AT2). 
Substituting values, find 

A CF _ [(210-40)-(100-95)]/fa(170/5) _ 46.S°C _ p < 

App [(210-95)-(100-40)]fn(115/60) S4.5°C 
COMMENTS: In solving part (c), it is also possible to use Figs. 11.11 and 1 1 .1 2 to evaluate NTU 
values for corresponding s and C m i n ''C M1 , values. With knowledge of NTU it is then possible to find 
AcF'App. 
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PROBLEM 11.64 



KNOWN: Concentric tube HXer with prescribed inlet fluid temperatures, fluid flow rates and overall 
coefficient. 

FIND: (a) Maximum heat transfer rate, q^i (b) Outlet fluid temperatures when area is 0.33 m^ with CF 
operation; (c) Compute and plot the effectiveness, s, and fluid outlet temperatures, T : ,o and T_ ro , as a 
function of UA for the range 50 < UA < 1000 W/K for CF operation with all other conditions remaining 
the same; a; UA becomes very large, find asymptotic value for T; i0 ; (d) Largest heat transfer rate winch 
could be achieved if FlXer i't very 7 long with PF operation: effectiveness for tins arrangement; and (e) 
Compute and plot e, T c . 0 and Tim as a function of UA for the range 50 < UA < 1000 W/K for PF operation 
with all other conditions remaining the same; as UA becomes very large, find asymptotic value for T z o 
and T;. 0 . 




r^as'c 




= 3B°C 



.-[. . .: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties. 

PROPERTIES: Table A-6, Water (Assume T c . 0 * 85°C T c * 335 K): c c = 4186 Jkg-K, (Assume Tju, % 
100°C, \ := 100°C, % = 420 K): cj, = 4302 J/kg-K. 



ANALYSIS: (a) With Quia = Cj, the maximum heat transfer rate fromEq. 1 1.18 is 

(200- 35)K = 8281 W < 



Iniax 



:C h( T h,i- T ci) = ^*4302x- 



3600 s kg-K 
(b) Using the s - NTU method, fmd s from values of Grin. Gmt'Oman, and NTU. 

42fcg/hx4302j/fcg-K 



= 42/3 600 kg/s. x 4 3 0 2 j/kg ■ K = 50 . 1 9 W/K , /c ma:; 



NTU = UA/C mll = ISO w/ m 2 ■ K>; 0.33m 2 /50.19 W/K = 1.184. 
Using Eq. 1 1 .29a for counter flow operation, with C, = CwC™,,,. find that 



B4tg/hx41S6j/kg-K 



= 0.514 



l-exp[-NTU(l-C r j 



l-nq»[-l 18(1-0.514)] 



= 0.616. 



1-C, exp[-NTU(l-C r )] l-0.514exp[-l. 18(1-0.514)] 
From the definition of effectiveness, z = C\ (Tti - T^yCm^ (Tt,, : - T c j), it follows that 

T h,o = T h4 ~ e ( T h,i - T c.i ) = 200 ° C - 0.62 ( 200 - 35)° C = 98.4 a C . 
Equating the energy balances on both fluids. O, (T^., - J xil ) = C c (T Ci0 - T ; .i ). fmd 

\,o = (Ch /C c - \ 0 ) + T c>i -0.514( 200 - 98.4)° C + 35= C = 87.2° C . 



< 

Continued.. 
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PROBLEM 11.64 (C oin.) 



(c) Using the IHTHeat Exchanger Tool, Concenfiic Tube, counter flow operation and the Properties Tool 
for Water, a model was developed using the effectiveness NTU method employed in the previous analysis 
to compute s. T c .„ and T; i0 as a Emotion of UA for CF operation. The results are plotted arid discussed 
below. 



(d) For PF with same prescribed inlet conditions, the temperature distributions appear as shown above 
when A-> oo . At the outlet T c .„ = T bi0: and from the sketch 6T t . ms + 6T CinlH = (200 - 35) a C = 165°C. 
From the energy balance, find 

'"h'^li.niax = ^c^lc.niax 
and solving simultaneously . find 

^max =109.0°C T ho = T h;i -^rnax = 200-109.0 = 91.0°C . 

The heat rate and effectiveness are 

q = C]i JTji mas = 50 19 W/Kxl09_OK = 5471W < 

£ = q/qmas = 5471 W/8, 28 1W = 0.661 . < 



(e) Using the IFCT model from part (c). but for PF operation, the effectiveness. T Ci0 and T_ ftl were 
computed and plotted as a function of UA. 

Courrrerf low operation 



Parallel How operation 



130 
110 
BO 
70 
50 
30 



III! 



13D 
110 

00 
70 
50 
30 



0 3DO 400 MH 800 1CCO 
UA(WK) 

— A — Tho (Q, minu mum fluid 
— ■ — Tec (C). maxirrum fluid 
Effectiveness. erjE F 1DC- 



2D0 SCO 40D 
UA (VWK) 

Tho fC). rrinumum fluid 
Tco(C:'. maximurr fluid 
Effecr.'erisss. epsMOO 



COMMENTS: ( L) From the plot for CF operation as UA increases, the minimum (hot) fluid outlet 
temperature, Tiu,, decreases to the cold fluid temperature, T c ,;. That is when UA — »oo, Tt i0 ->T c : . As UA 
->oo : the effectiveness approaches unity as expected since a very large CF heat exchanger has a hear rate 
Ojuas and s = L 



(2) From the plot for PF operation, as UA increases, Tt iB and T c . 0 approach an asymptotic value, 91.0°C. 
Also, as UA — * x , the effectiveness increases, approaching 0.661, rather than unity as would be the case 
for CF operation. 
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PROBLEM 11.6? 



KNOWN: lulet and outlet temperatures for a shell-and-tube heat exchanger with two shell? , 
each with 10 tubes making eight passes. Heat transfer coefficient for oil flowing in shell. Mass 
flow rate of water in tubes. Tube diameter. 



FIND: Is the required rube length sufficiently small to fit in an S m long facility, if the floor 
space must be at least 2.5 times the length of the heat exchanger? 

SCHEMATIC: 




ASSUMPTIONS: (1) Negligible heat loss to the surroundings, (2) Constant properties, (3) 
Negligible tube wall thermal resistance and fouling effects. (4) Fully developed water flow in 
tubes. 

PROPERTIES: Table A. 5., unused engine oil: ( \ = 130 D C): c P = 2350 J/kg-K. Table A.6, 
water ( T c = 50°C): c P = 41 81 J/kg K, u = 548 x 10" s N s.iir, k = 0.643 W/m-K, Pr = 3.56. 

ANALYSIS: From the overall energy balance. Eq. 1 1.7b. the heat transfer required of 
the exchanger is 

q = m c c p c (T c o -T Cil ) = 2.5 kg/sx 4181 J /kg ■ K(S5- 15)°C = 7.317xl0 5 W 

Hence fromEq. 11.6b, 

q 7.317xlQ 5 W .. 

mi, = = =5.19 kg / s 

Cp.hCT/h.i-T'h.o) 2350 J/kg - K(l 60- 100) C C 

The required tube length may be obtained using the s-NTU method. We first calculate the heat 
capacity rates. = m^Cp ^ = 12,195 W7K, C c = rii c Cp c =10,453 \VK. Thus, Qm = C := and 

Q = Cmin/Cnu^ =0.857. Then from Eq. 11.21, 

£= T c , o -T c , 1=(Sj - 1 5)'C =048 , 

Th,i-T c . t (160-15}'C 

Using Eqs. 11.31c, 11.31b, 11.30c, 11.30b, and 11.3 Id, in that order, we find, F= 1.06, s t = 
0.311, 

Continued. 
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PROBLEM 11.65 (Cotir.) 



r 2/ £l -(l + C r j 2/Q.311-(l-0.857) , „ 
(1 + Cr) 1/2 (1 + 0.857") 1,2 

(NTU)i = -(1 + C?)" 1 ' 2 In' |Z1 j = -(1 + 0.857 2 r 1/2 In[|^zl] = 0.451 

NTU = n(NTU)i = 2 x 0.451 = 0.901 

Tims UA = NTUxC'mb = 9420 W/K. To find the required tube length, we must know the heat 
transfer coefficient for the water flow. We calculate the Reynolds number from Eq. 8.6", with the 
water flow rate per tube as rhj = m c / N = 0.25 kg/s, 

n 4 ™1 4x0.25 kg/s 

Rje D = L = _ = 23,234 

JiDji c jt(0.025 m)548 *10 N- s/m 2 
Hence tlie flow is turbulent, and fromEq. 8.60, 

Nu D = 0.023 Ren 5 Pr 0 " 4 = 0.023(23, 234) 4 '' 5 (3. 5 6)° 4 = 119 

and 

h c = ^Nu D = ° 643W/mK 119 = 3060 W/m 2 . K 
D 0.025 m 

Hence U = [l\ - 1/ht]" 1 = 3 54 W/iir-K and we can find the required mbe length from 

UA 9420 W/K 

= .Li. y m 



UNtcD 354 W/m 2 -KxIOxtix 0.025 m 

This is the total tube length for all ten passes in both shells, therefore the length of the heat 
exchanger shell must be 

U\l*q = L.'(S >: 2) = 2.12 m 

Therefore the room would have to be 2.12 m x 2.5 = 5.3 m_ 

Yes, the fioorspace of 5 m is sufficiently long to service the heat exchanger. 

COMMENTS: (1) With LT) = 33.9/0.025 = 1356, the assumption of fully developed 
conditions throughout the tube is justified. (2) Hie floor-to -ceiling height must be sufficiently 
large to stack one shell above the other. 
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PROBLEM 11.66 



KNOWN: Configuration of a cubical plate-type heat exchanger with 40 gap?. Fluid flow rates, 
inlet temperatures, and desired oil ontlet temperature. 



FIND: (a) Core dimension, L, of the heat exchanger, when the sheet thickness is 0.8 mm, for 
aluminum and PVDF sheets, (b) Plot core dimension as a function of sheet thickness for 
aluminum and PVDF over the range 0 < t < 1 mm. 



SCHEMATIC; 



*- sr < 

sfA Waters 




Oil 
8 mm 



N = 40 gaps 



Oil 



















^c. — 









ASSUMPTIONS: (1) Negligible heat loss to the surroundings, (2) Constant properties. (3) 
Negligible fouling factors, (4) Laminar, fully developed conditions for the water and oil, (5) 
Identical gap-to-gap heat transfer coefficients. (6) Heat exchanger exterior dimension is Large 
compared to the gap width. 



PROPERTIES: Table A.6, water (T c * 35°C): n = 725 x lO^N-s/m 2 , k = 0 625 W/m-K. 

Table A.5, unused engine oil (Th = 353 K): u = 3.25 x 10" 2 N-s/m\ k = 0.13S W/m-K. Aluminum 
(given): ltd = 237 W/m-K. PVDF (given): k F - =0.17 W/m-K. 

ANALYSIS: (a) From Example 1 1.2, assuming the flow is still laminar. 

h- = 7 . 5 4bBb = 7 . 5 4k/2a, h-a = 7 .54 x 0.625 W m K 12 = 2.3 6 W/m-K (la) 
h h = 7.54k/L\ = 7.54k2a. h L a = 7.54 >: 0. 1 38 W/m-K 12 = 0.520 W/m-K (lb) 

and the overall convection coefficient, including the wall thermal resistance, is given by 

U -1 = 1 / h c + 1 / k w + 1 /h n = a /(h c a) + t / k w + a /(h n a) (2) 



where (l^a) and (h^a) are constants given by Eq. (1). In addition, from Example 11.1, the 
required log mean temperature difference and heat transfer rate are AT a = 43.2 S C and q = 8524 
W, respectively. Tims with A = (N-l)L 1 , we have 

U = an= = 0.198 K/WL 2 (3) 

q 8524 W 

Continued. . . 
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PROBLEM 11.66 (Cnnr.) 

"The core dimension, L, is related to the gap dimension, a. and sheet thickness, t, (neglectmg the 
exterior plates) by the expression 

L=Na + (K-l)t (4) 

Tims, Eq. (3) becomes 

U _1 =0.198 K'W[Na + (N-l)t] 2 (5) 
Equating Eqs. (2) and [5), we can solve the resulting quadratic equation for a, 

a/(h c a) + t/k w + a/(h h a) = 0.198 EC/ W[Na - (N -l)t] 2 

. 2 „ _ . -B±Vb 2 -4AC 

Aa" - Ba + C = 0, a = - 

2A 

where 

A = 0.198 K/WN 2 =0.198 K/Wx40 2 = 316 K/W 

B = 2(0.198 K/W)N(N-l)t- — - — 

h c a h^a 

= 0.395 K/Wx 40x39x0.0008 m- ! = -1.85 m-K-W 

2.36 W/m-K 0.520 W in K 

C = (0.198 W/K)(N-l) 2 t 2 - — 

k w 

= (0.198 K/W)39 2 (0.0008 m) 2 - 0 0005 m =l,89xl0~ 4 m 2 - K/W 

237 W/m-K 

We have used k v = kj in evaluating C. Thus 



-B±\/b 2 -4AC 1.85 = \/l.S5 2 -4x316xl.89xl0~ 4 



2A 2x316 
= 1.04x10 -4 m or 0.0058 m 

See the Comments for a discussion of the two different solutions. Hence fromEq. (4), when the 
sheets are aluminum 



Lai 



0.0354 m 
0.261 m 



Continued. 
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PROBLEM 11.66 (Cant.) 

Repeating the calculations for PVDF, we find only one (positive) solution, a = 0.00771 m, for 
which 

Lpy = 0.340 m 

(b) The calculations were keyed into the IHT workspace and solved for 0 < t < 1 mm. The 
solution is shown below for aluminum and PVDF sheets. 



0.4 



-> 0.3- f 



0.2- 



0.' 



0.2 0.4 0.6 OS 

Sheet thickness, t (mm) 



■•-Alt run- -MrFV:- 



CO!IME> TS : (1) We can check the Reynolds number to see if the flow is truly laminar. The 
largest Reynolds number would be for water, since it is less viscous and has a higher flow rate. 
Thus Re = 4mi / ,uP * 4m/(N / 2) / 2uL . For the smaller value of L. Re = 779. Hence the flow 

is laminar for both oil and water. (2) As expected, utilization of PVDF results in a larger heat 
exchanger due to its lower thermal conductivity. (3) For aluminum sheets, there are two 
solutions. The very small spacing gives rise to high heat transfer coefficients that enable a small 
heat exchange area. The larger spacing corresponds to smaller heat transfer coefficients that 
require a larger heat exchange area. For PVDF, the thermal resistance of the sheets is Larger and 
it is unpossible to increase the value of U sufficiently to enable the smaller channel solution. (4) 
Manufacturing of the smaller channels would pose a challenge, and the pressure drop could be 
prohibitively large. Fouling could also be more of a problem in the smaller channels. (5) If the 
heat exchanger didn't have to be cubical, there could be solutions with superior properties with 
respect to pressure drop and manufacturing constraints. 
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PROBLEM 11.67 

KNOWN: Shell and tube heat exchanger for cooling exhaust gases with water. 

FIND : Required surface area using e-NTU method. 

SCHEMATIC: 



fc , 




ASSUMPTIONS: (L) Negligible heat loss to surroundings, (2) Constant properties. (3) Gases have 
properties of air. 

PROPERTIES: Table A- 6. Water. Liquid (T c = (85 + 35) 3 C/2 = 333 K): c p = 4185 J/kg-K. 

ANALYSIS: Using the e-NTU method, the area can be expressed as 

A = NTUX lmll /U (1) 

\vhere NTU must be found from knowledge of s and CmtJCmn - Q- The capacity rates are: 

C c =m c c piC = 2.5kg /sx4185 J/ kg ■ K = 10,463 W/K 
Equating the energy balance relation for each fluid, 

C h = C c ( T c _ 0 - T C;i )/ f T h l - T h _ 0 ) = 10,463 W / K(B5 -35)/ (200 - 93) = 4889 W / K. 

Hence, 

c r = c min /C max = c h /c c = 4889/10,463 = 0.467. 

The effectiveness of the exchanger, with qmax = C m in (Th.i - T c ,0 and C mm = Ch, is 

£ = q -"' q.nax = C h (T h ,i - T hj0 ) / C h ( T h l - T c l ) = ( 200 - 93)/ (200 - 35) = 0.64S. 

Considering the HXer to be a single shell with 2.4... .tube passes, Eqs. 1 1.30b,c are appropriate to 
evaluate NTU. 

1 } E + 1 (i+qf 2 

Substituting numerical values. 

21 0.648 -(1+0.467) / y ,2V~ 1/2 1 467-1 

E = i ^H- = 1.467 NTU = -ll + i 0467 r in =1.51. 

/ 2 \ h2 \ " ' J 1.467+1 

|l-0.467 z | 

Using the appropriate numerical values in Eq. (1), the required area is 

A = 1 . 5 1 x 4889 W / K ,■'180 W/irT K = 40.9 m 2 . < 
COMMENTS: Figure 11.12 could also have been used with C r and s to find NTU. 
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PROBLEM 11,68 

KNOWN: Dimensions, fluid flow rates, and fluid temperatures for a counterflow heat exchanger used to 
heat blood. 

F1XD: (a) Outlet temperature of the blood, (b) Effect of water flowrate and inlet temperature on heat rate 
and blood outlet temperature. 



SCHEMATIC: 



1T= 500 W/m 2 K 



f cJ =18°c 

ib' c = 0.05 kgte 
c p = 3500 J/kg-K 

ASSUMPTIONS: (1) Negligible 



-D - 55 mm 



L = 0.5 m 



50 < T Ki < 70 °C 
0.05 <m h < 0.20 kg/s 



■ heat loss to surroundings, (2) Constant properties. 
PROPERTIES: Table A.6, Water { T m * 55 3 C) : c, = 4 1 83 J/kg-K. 

ANAL YSIS : (a) Using the e - NTU method, we first obtain C k = ( m^Cp ^ ) = {0. 1 0 kg/s x 4183 J/kg ■ K) 
= 41S.3 W/K and Q = (rh c c c ) = (0.05 kg/s x 3500 J/kg-K) = 175 W/K = C^. Henc.e = (C D /CJ = 
0.41 Sand 



NTU = - 



UA 



(500w/m 2 -K),T(0.055m}(0.5m) 



= 0.247 . 



C min 175W/K 
FromEq. 11.29a, s= 0.2.1. Hence, from Eq. 11.2.2. 

q = sC^ a ( ' T h _ ; - T ci ) = 0.2. 1 ( 1 75 W/K ) ( 60 - 1 S)"' C = 1 544 W . 
From Eq. 11.7. 

T 

1 c.o 



C c 175 W/K 



(b) Because the variation of Cnim/Cnmn with rii^ does not have a significant effect on s for the prescribed 
NTU, T [itl and q increase only slightly with increasing ih^ . 





K -. 




- 










- 




27 - 




Z: - 




"- 




» - 



D.I I : 

Water mass fkwrite rrdolhikusi 



■ m = 7DC 

■ ™=60C 
- Thi = £0 C 



i2oa 



: ■ n.i5 

'.Vatermass ftowate. rrdDth|>Bt; 



■ Tci = 70 C 

■ Tai=MC 
- T: = :C I 



However, rhe water inlet temperature does have a significant effect, and accelerated heating is achieved 
with T hJ = 70 C C. 

COMMENTS: With = 0.2 kg/s and T b ■ = 70°C, the outlet temperature of the blood is still below 
rhe desired level of T c () a 37 °C. This value of Tc 0 could be increased by increasing L or Thj. 
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PROBLEM 11.69 



KNOWN: Inlet temperatures and flow rate; of water (c) and ethylene glycol (h) in a shell- and- tube heat 
exchanger (one shell pass and two tube passes) of prescribed area and overall heat transfer coefficient. 

FIND: (a) Heat transfer rate and fluid outlet temperatures, and (b) Compute and plot the effectiveness, s, 
and fluid outlet temperatures, T : ,o and T_ xo as a function of the flow rate of ethylene glycol, lii^ . for the 
range 0.5 < rh^ < 5 kg's. 

SCHEMATIC: 



One stall - 

two l.jbs 

passe e 



c 



T h =60"C 



1 




A = 1Sm 2 ,U = «COW;m z K 



Ettiylena glycol 

— T el = 10 °C, water 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties, and (3) Overall 
coefficient remains unchanged. 

PROPERTIES: Table AS, Ethylene glycol (T m * 40°C): c p = 2474 J/kgK; Table A-6, Water (T m 
L5°C): c p = 4186 1'kg-K. 

ANALYSIS : (a) Using the e-NTU method we first obtain 

C t = (rh^Cp t ) = (2kg/sx 2474 J/kg K) = 4948 W/K 

C c = (m c c p c ') = (5kg/s x 4186"J/kg K) = 20. 9 30 W/K . 
Hence with C^ : 



= C t = 4948 W/K and C r = C^C^ = 0.236, 



NTU = - 



UA 



(soow/ur K)l5m 2 



■ = 2.43 . 



C inill 4948 W/K 

From Fig. 11.12, e = 0.81 and from Eq. 1 1 .22 

q = eCmin ( Tjj i - T c ; ) = O S 1 ( 4948 W/K ) ( 60 - 1 0) K = 2 x 10 5 W . 
From Eqs. 1 L.6 and LI. 7, energy 7 balances on the fluids. 



L l:.c. 



'Li 



:60^C- 



2x10' W 
4948 W/K 



= 19 6' C 



* ■ C c 20, 930 W/K 

(b) Usuig the IHTHeat Exchange}- Tool, Shell and 
Tube, and the Properties Tool for ITcr/cr and Ethylene 
Glycol, T Ci0: Tt.o, and e as a function of mjj were 
computed and plotted. 

At very low C'nn, (low m n ) note tliat s — > 1 while 
Tij.o — > T C j. As litjj increases, both fluid outlet 
temperatures increase and the effectiveness 
decreases. 



< 

< 
< 





DC 


'>: 


sr. 








3d 


3 


4C 


: 


:c 




r. 







0 1 2 3 4 5 
Hat fluid flu* rate, mdoth (kgis} 

— * — Tea I'C'l. max fluid 
a Tho icy min fluid 
Ef=eci?v5ness , eps' 1 CO 
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PROBLEM 11.70 

KNOWN: Flow rate, specific heat and uilet temperature of gas in cross-flow heat exchanger. Flow 
rate and temperature of water which enters as saturated Liquid and Leaves as saturated vapor. Number 
of tubes, tube diameter and overall heat transfer coefficient. 

FIND: Required tube length. 

SCHEMATIC: 



77 r c = 3kgfe 
T Ci , = 450K~ 



m^lOkgb, T hj =I400K t c Pth ^UZOJ/kg K 
N=5O0, V 0 --0.025tt, 



. -- 



U 0 =SOW/n,*-K 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant gas specific heat. 
PROPEKTDIS: Table A-6, Saturated Water (T = 450 K): h fg = 2.024 x 10 6 J/kg. 
ANALYSIS: Use effectiveuEss-KTU method 



q = m c h fg = 3 kg .■' s x 2.024 x 1 0 6 J / kg = 6.072 x 1 0 6 W 



6\072xL0 u W 



10 kg/sxll20J/kg-K(14OG-45Q)K 



= 0.571 



From Fig. 1 1.15, find 

NTU s0.8* U o N,tD 0 L / C n71T1 

0.8x10 kg/sxll20J/kg-K „ « ^ 
Las ~ = 4.56m. - 

50 W / in- - K x 500jt x 0.025m 
COMMENTS: The gas outlet temperature is 

T h,o = T h,i - °J m h c p,h = 1400K - 6.072 x 10 6 W / 10 kg / s x 1 1 20 J / kg • K = 857.9K. 
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PROBLEM 11. 1 



KNOWN: Gas flow conditions upstream of a tube bank of prescribed geometry. Flow rate and inlet 
temperature of water passing through the tubes. 

FIXD: (a) Overall heat transfer coefficient,, (b) Water and gas outlet temperatures, (c) Effect of water 
flow rate on heat recovery and outlet temperatures. 



SCHEMATIC: 



Exhaust gas 



'h,o 



Water 

— , ' 

2 < m c < 20 kg/s 



Tube bank: 10x10 square array 
of aligned lubes, D = O.Q25 m. 
* S r = 0.05 m, L = 4 m, 
r c.o 0.02 im c1 < 0.20 kg/s 



m h = 2.25 kg/s, T ft y = SOD X,V = 5.0 m/s 



ASSUMPTIONS: (1) Steady- state conditions. [2) Constant properties, (3) Negligible heat loss to the 
surroundings, (3) Negligible tube fouling and wall thermal resistance. (4) Fully developed water flow, (5) 
Gas properties are those of air. 

PROPERTIES: Table .4.6, Water (Assume T m * 340 K): c p = 41 S8 J/kg K, u = 420 >: 1 Q" 6 Ns/nr, k = 
0.660 W/m-K, Pr = 2.66; Table A 4. Air (Assume T m =s 600 K): c P = 1 05 1 JVkg-K. v = 52.7 x 10" s ur/s, 
k= 0.047 W/mK. Pr = 0.69. 

ANALYSIS : (a) For the prescribed conditions, U = (L'hj + L'hg)"" . For the internal flow, with th c j = 
0.025 kg/s, 

4m cl 4x0.025 kg/s 



Re 



D 



- tD /' a- (0.02 5m) 420x10 6 N-s/m 2 



= 3032 



Hence, from the Gnielinski correlation. 

NuD {^■ ; S)(Re D -1000)Pr 



(0.0454 /8)(3032- 1000)2.66 



l+12.7{f /8) l; 1 (Pr 2 ' * - 1) 1 + 1 2. 7(0. 0454 /8) 1 ' L (2.66 1 ' J - 1) 



I 3 



1 -i 



-=16.3 



where f = (0.79 hi ReD - 1.64)"' = 0.0454 



h i=— Nu D 



0.660 W/mK 



0.025 m 



16 3 = 431 W/m'-K. 



For the external flow. Vj- 



C:.C5m 



Re 



D.niax 



(0.05 -0. 025) m 
10 m/s x 0.025 
SZTxlO^nr/s 



5.0 m/s = 10.0 m/s. Hence 



= 4744 



From the Zukauskas correlation and Tables 7.7 and 7.8. Nod = (0.97 )0.27 Re^ma* Pi " 36 (Pr/Pr, f 4 . 
Neglecting the Prandtl number ratio, 



Nu D =(0 97)0.27(4744)° 63 ( 0.69 1"' 30 =47.4 

rr k— 0.047 W/n>K ,., A „„„„,/ 2 T , 
h n Nun 47.4 = S9. 1 W/ nT-K . 



,0.515 



0.025 m 



Continued.. 
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PROBLEM 11.71 (Cent.) 

Hence, U = ( 1/43 1 + 1/89. 1 = 73 .9 W/m J ■ K. < 

(b) The fluid outlet temperatures may be determined from the s-NTU method. With iii c =2.5 kg,'?. C c = 

m c Cp c = 2.5 kg.'s x 4188 J/kg-K = 10,470 W/K. With C t = u^Cp^ = 2.25 kg/s x 1051 J/kg-K = 2365 

W/K, C 
= 31.4 m 3 , 



NTU = 



L'A 



2365/10,470 = 0.23. Hence, with A = N^DL = IOOtt * 0.025 m x 4 m 
IUw/- a -*(W) 



= 0.98 



C min 2365 W/K 

From Fig. 1 1.15, s * 0.61. From Eq. 11.18, = C^CT^ - T cj ) = 2365 W/K(80G - 3Q0)K = 1.18 x 10 s 
W. Hence, q = sq^ = 0.72 x 10 s W. From Eq. 1 1 ,6b, 



0.72 x 10° W 



[\i \o) ^ 2 3 6 5 w /k 



= 304 K 



Tl. = 496 K 



From Eq. 11.7b. (T- n -T- ; ) = — =— — = 69K T tlJ = 369 K < 

V 1 ■ ' C c 10, 470 W/K 

(c) Using the appropriate ifeir Exchangers, Correlations and Properties Toolpads of IHT. the following 
results were obtained. 



g 



:4D 

: j[l 

«n 
tea 

34D 




e 8 ID 12 14 16 16 20 
V.'aKr 'low ra:e mdctolkgte; 




■ Gas outlet tenperature, Thofl() 

■ Water outlel temperature. Tqo(K] 



3 1D 12 14 19 IS 2D 
Water Dow rale, mdol^kg.s: 

With increasing m c (and iii c j ), hj increases, thereby increasing U and q. However, because the total 
resistance is dominated by the gas- side condition, tn c =20 kg/s only yields U = 83.9 W-'nr-K. despite 
the fact that h, = 2180 W/m' K. Because the extent to which q increases with increasing m c is much 
smaller than the increase in m c itself, T Ii0 decreases with mcreasmg rii c . Hence, there is a trade-off 
between the amount of hot water and the temperature at which it is delivered. If, for example, the 
temperature must exceed 50 S C (T CJ > 323 K), rh c cannot exceed 8 kg/*. To maintain an acceptable 

value of T- 0 . while mcreasmg m c , lh^ (and V) should be increased, thereby increasing ho, and hence U 
and q. 

COMMENTS: If the air and water property functions of IHT are used to evaluate properties at 
appropriate mean values of the inlet and outlet fluid temperatures and Eq. 1 1.34a is used to evaluate s. the 
following, more accurate, results would be obtained for Parts (a) and (b): 6 = 0.565. q = 0.677 x 10 5 W, 
T c . 0 = 364.6 K, T Lo = 517.5 K, hj = 383 W/m 2 K, U = 86.3 W/m s -K and U = 70.5 W/m 2 -K. 
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PROBLEM 11.72 

KNOWN: Tube arrangement in steam-to-air. cross-flow heal exchanger. Flow rate iii c and inLet 
temperature of air. C ondensing temperature of steam. 

FIND: (a) Air outlet temperature for ni. = 12 kg/s, (b) Effect of rh c on air outlet temperature, heat rate 

and condensation rate. 

SCHEMATIC: 



1 0 < m r < 50 kg/s 
Tj= 300 K 
p = 1 aim 



-D = 70 mm 



= 2m 



4 ® 




© ® 


Ts 7 =140 


S, = 140 mm ! 







N L 
N, 



1200 
= 40 
= 30 



Condensing steam, T s = 400 K 
ASSUMPTIONS: (1) Negligible heat loss to surroundings. (2) Negligible steam side convection and 
tube wall conduction resistance, [3) Mean air temperature is 350 K. 

PROPERTIES: Table A.4, Air (Assume T c = ( T c _; - T c 0 \jl * 350 K, L atm): p = 0.995 kg/m\ c P 
1009 JkgK., v = 20.92 x W 6 m : /s, k = 0.030 W/m-K Pr = 0.700; T= = 400 K: Pr = 0.690. 

ANALYSIS : (a) For a single-pass, cross -flow heat exchanger with one fluid mixed and the other 
unmixed, Fig. 11.15 can be used to obtain s. where C^/Qu^ = Cn^i/C^L^d = 0 and NTU = UA'C^t : 
U(jtDL)N/iii c .Cp. FromEq. 11.5. U= h 0 , and the Zukauskas correlation may be used to estimate h 0 . 
The upstream velocity may be obtained from iii c = pVA = pVN T LSi. Hence, 

v _ Ac 12 kg/s 

/?N T LS T 0 995 
For aligned tubes, 



kg/m 3 x30x 2m x 0.14m 



= 1.44 m/s 



V„ 



Re D. : 



-V = - 



0.14 m 



%-D (0. 14- 0.07) m 



1.44m/s = 2.88m/s 



V max D 2.SSm/s:< 0.07 m 



=9637. 



" 20 92x10 6 m 2 /s 
From Table 7.7, select values of C =0.27 and m= 0.63 . Hence. 

,0.25 



Xu D =0.27ReS. ma x 



0.63 P..0J6 
ax " 

0.63 /„ ™\0.36 



Pr— (Pr/PrJ 



0.25 



Nud = 0.27(9637) (0. 70) (0.70/0.69) 

- — k 0.030 W/niK / 7 

h 0 =Nu D — =77.1 - 1 = 33.0W/ m K 



= 77.1 



0.07 m 



Hence. 



NTU : 



h c ,tDLN 3 3 . 0 w/m 2 ■ K x ,7 ( 0 . 0 7 m) 2 m ( 1 200) 
rn^Cp ~ 1 2. kg/s x 1 009 j/kg K 

From Fig. 11.15. find s « 0.77 and tlien determine 



44. 



Continued.. 
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PROBLEM 11.72 (tout.) 

q _ m c c p ; c (jco ~ T c,i ) _ T c, P ~ T c, t 
5 "q max " m c c p:C (T s -Ti ;i ) " T^-T^ 

T c.o = T c,i+ £ ( T B - Ti_i ) = 300 K + 0.77(400 - 300) K = 377K = 104°C < 
(b) With q = Eqcus = sC ; (T ; - T c; ) and the condensation rate given by Eqs. 10.34 and 10.27. 

q i 

IHqJ = SB 

1% life 

the foregoing model may be used witli the Heat Exchangers, Correlations and Properties Toolpads of IHT 
to determine the effect of m. on T c . a , q and rh c( j. 





















370 - 




































SCO - 




































3S0 - 



















2D 3D AO 

Air fan rale, mdatEfkgi's) 




Since ri 0 increases with increasing m c , qmust also increase. However, since the increase in q is 
proportionally less than the increase in m c , T Ci0 decreases with increasing m c . 



j 20 3D 4D sa 

ArFowratE. ndDlc(kgte) 

Hie condensation rate increases proportionally with the increase in q. and if the objective is to maximize 
the condensation rate, the largest value of m c should be maintained. 

COMMENTS: If the objective is to heat the air, there is obviously a trade-off between maintaining 
elevated values of the flowrate and outlet temperature. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 11.73 

KNOWN: Heat exchanger operating in parallel-flaw configuration. 

FIND: Expression for RWRt which doesn't involve temperatures. Plot result. 

schematic: 




NX 



'c.o 



Xi T ^ 



2 R t 



ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) Negligible change in kinetic and 
potential energy. 

ANALYSIS: (a) For the exchanger, the rate equation is 

q = UAAT lm 
and ive can define thermal resistances as 

Rt = (lh.i-T c>1 )/q or R kn = CATi m )/q = l/UA. 

Using the rate equation and the definition of effectiveness, find the thermal resistance based upon due 
inlet temperatures of the hot and cold fluids as 

^■t = ^-*mm — ^c.i )■' ^min ' 1 = ^ ' ^ mm - 
The ratio of these resistances is 

R lm _ 1/UA E £ 



R t I/few UA C ir _ n NTU 
and for the parallel flow, concentric tube configuration using Eq. 11.2Sa. 

Rim _ 1 ~ "P [~ NTU ( 1 ~ C r )J _ 1 ~ "P i ~B ) 
R t NTU{1 + C r ) B 

where B = NTU(1 + C T ). Evaluating the ratio for various values of B, find 



B 




0.1 


0.95 


0.5 


0.79 


1.0 


0.63 


3.0 


0.32 


5.0 


0.20 


10.0 


0.10 




0 *[NTU(1+C r )] 



COMMENTS: (1) For C ma!t -+ as, C r -> 0: hence B -*-KTU. (2) For C mas ^ Cj^a- B -»■ 2NFU or B 
~ C" 1 ^ . (3) For B « 1 , Riaj/R, -* 1 . (4) For B » 1 , R| m /Ht -» B" 1 . (5) We conclude that care must 

be taken in representing heat exchangers with a thermal resistance, recognizing thai the resistance will 
depend on flow rates for wide ranges of conditions. 
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PROBLEM 11.74 



KNOWN: Required power for automobile. Overall heat transfer coefficient for radiator, 
analyzed as a cross- flow heat exchanger with both fluicU unmixed. Inlet temperature of air for 
cooling. 

FIND: (a) Required heat transfer area if engine efficiency is 35%, water inlet and outlet 
tempera hues are 400 and 330 K, respectively, and air flow rate is 3 kg/s. (b) Required heat 
transfer area and engine coolant (water) mass flow rate if vehicle is powered by 50% efficient 
fuel cell, water inlet and outlet temperatures are 335 and 330 K. respectively, and air flow 7 rate is 
proportional to radiator surface area, (c) Required heat transfer area and coolant (water) outlet 
temperature for fuel cell powered vehicle if air flow rate is 3 kg/s. 

SCHEMATIC: 

Th.i | 
~> 



U = 400 W/m 2 K 



P„ ech = 9000 W 
|T ho = 330K 

ASSUMPTIONS: (1) Negligible heat loss to the surroundings, (2) Constant properties, (3) 
Negligible fouling factors. 

PROPERTIES: Table A. 6, water: (T m = 365 K): c, =4209 J/kg-K: Table A.4, air ( T m *350 
K): c p = 1009 J/kg-K. 

ANALYSIS: (a) We can determine how much heat must be removed by the radiator as follows. 
Hie required mechanical power is 9 kW, which is 35% of the total engine power > i.e. — 9 
kW/0.35 = 25.7 kW. The waste heat is 65% of the total power, or 

q = 0.65P tol = 0.65 x 25.7 kW = 16.7 kW 

Then from Eq. 11.6b, 

C h = q/(T h j - T h 0 ) = 16.7 kW/(400 - 33Q)K = 239 W/K 

The heat capacity rate for the air is 

C c = (mc p ) c = 3 kg / s * 1009 J / kg K = 3027 W / K 

Continued... 



Water 
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PROBLEM 11.^4 {Cant.) 

Hub Cjda = C b , C T = 239/3027 = 0.07S9 and s = q/C^fTt.t - T bi0 ) = 0.699. Then from Fig. 1 1.14, 
NTU a 1.25, and we can refine this estimate by solving Eq. 1 1.32 iterativdy. to yield MTU = 
1.26. Thus, UA = NTU xC wiR =l.26 x 239 W/K = 301 W/K. With U = 400 WufK, 

A = U.VU = 301 W/K / 400 W/rrr-K = 0.752 m 2 < 
(b) With 50% efficiency, P BI = 9 kW/0.50 = 1 S kW and q = 0.50P rD[ = 9 kW. Then 
C h = q/(T h l - T h o ) = 9 kW/(355 - 330)K = 360 W/K 

and 



m h = c h /c p,h = 360 W/K/ 4209 J /kg - K = 0.0855 kg/s 

The heat capacity rate for the air is unknown, but can be expressed as follows, where the "o" 
subscript refers to the baseline conditions of part (a), 

C c = (mc 0 ) c = (m 0 c u ) c — = 3027 W/K ^-^r = (4025 W/m 2 ■ K)A 

F F A 0 o 752 ni" 

Assuming the hot fluid is still the minimum fluid. C^ =360 W/K, 

s = q/CWClt ■ -T cj ) = 9 kW/[360 W/K{355 - 300)K] = 0.455 
C r = (360 W/K/4025 W/m 3 -K)A~ ] = (0.0S95 m~) A L 
NTU = UA/C™, = (400 W/m 2 K ; 360 W/K) A = (1.11 m 2 )A 

And froinEq. 1 1.32, 



L 1 exp 



i NTU) 0 22 jexpj -C r (NTU)°- 7: - 



Substituting Eqs. (1), (2) : and (3) into Eq. (4) 

\l A 



0.455 = 1 -exp 



V 0.0895 nr.' 



(1.11 m 2 A) 0 22 |exp 



0.0895 m" 



2av0.7S 



(1.11m A) 



(1) 

(2) 

(3) 

(4) 

-1" 



Solving iteratively for A results in 
A = 0.57S m 2 

Note that Q = 2.30 kg/s x 1009 J/kg-K = 2319 W/K. so that our assumption that the hot fluid is 
the minimum was correct. 

Continued. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM (Cant.) 



(c) With the ame coolant (water) flow rate as in part (a), 0, = 239 W/K. Then 

s = q. ; C mn [T t ■ - T c i) = 9 k\V/[2 3 9 W/K(3 5 5 - 300) K] = 0 . 62, 5 (5) 
C: : = (23 9 W/K ,'4025 W/m 2 -K)A" ] = (0 . 05 94 in 1 ) A" 1 (6) 
XTU = UA^ = (400 W'm 2 -K/2 3 9 W/K) A = (1.67 m" : )A (7) 

And substituting Eqs. (5). (6), and (7) into Eq. (4), 



0.6S5 = l-exp 



A 



.0594 in 2 „ 



(1.67 m 2 A)°- 22 jexp 



- 0 - Q594 l " 2 (1.67m- 2 A) D7S " 



Solving iteratively for A results in 
A = 0.723 m 2 

The outlet temperature of the coolant (water) is calculated from Eq. 11.6b, 
Ti. 0 = T hJ - q/C h = 355 K - 9000 W/239 W/K = 317 K 

COMMENTS: (1) The heat that must be rejected from the radiator when the fLiei cell 
is used is 9000 W 16700 W * 100 = 53% of that associated with the internal 
combustion engine. (2) As seen in Pan (b), using the fuel cell and increasing the flow 
rate of the coolant results in a significantly smaller radiator size. (3) As seen in Part 
(c), if the coolant flow rate is the same as that of the internal combustion engine the 
coolant exits the radiator at a lower value smce its residence time in the radiator is 
larger. (4) Reduced radiator sizes will provide opportunities to enhance streamlining of 
the front of the vehicle and will reduce drag forces, further increasing fuel economy. 
The radiator size can be reduced significantly with the fuel cell in place if a metal 
hydride hydrogen storage system is on board and waste heat from the fuel cell is used 
to desorb the hydrogen, as discussed in Example 7.5. 
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PROBLEM 11.75 



KNOWN: Air conditioner modeled as a reversed Camot heat engine, with refrigerant as the working 
fluid, operating between indoor and outdoor leraperatures of 23 and 43 °C, respectively, removing 5 
kW from a building. Compressor and fan motor efficiency of 80%. 

FIND: (a) Required motor power assuming negligible thermal resistances between the refrigerant in 
the condenser and the outside air and between the refrigerant in the evaporator and the inside air, and 

(b) Required power if thermal resistances are each 3x10 K/W. 
SCHEMATIC: 



+5" 



T(X) 



Z3 



T M =T a 



T L --T ; 




ASSUMPTIONS : (1) Ideal heat exchanger with no losses.. (2) Air conditioner behaves as reversed 
Camot engine. 

ANALYSIS: (a) With negligible thermal resistances, the Camot cycle and reversed heat engine can 
be represented as shown above. Hence, 

Wideal = q H - 1L = <1L [(T H 'T L )- 1] = 5kWlj.U6 K / 296 K)-l] = 0.337E kW. 

Considering the fan power requirement and the efficiency of the motor, 

w act = (vv + wfan ) / 7J C = (0.3378 + 0.200 )kW / 0.8 = 0.672 kW. < 

(b) Consider now thermal resistances of Rt = 3 x 10 3 K/W on the high temperature (condenser) and 
low temperature (evaporator) sides. 

Low side: in order to remove heat from the 
room, Tc < Tj. That is 



T; - T c = qR T = 5 kW (3x10 3 K / wj = 15 K 




T c =^-15 K = 23°C-15 K=8 0 C. 

High side: in order to rej ect heat from the 
condenser to the outside air, Th > T 0 , 

T H " T o = qH R t = <3c ( T H /T c) R t 

T H - (43 + 273) K = 5 kW[T H / (S + 273)] 3xl0 -3 K / W 

The work required for this cycle is 

w ideal =qH~qL = [( T H /T L h 1 ] = 5 kW[(61 + 273)K/(S + 273)K-l] =0.943 kW 
w act = (w ideal + w fan ) / % = (0-943 + 0.2 )kW / 0.8 = 1 .43 kW. 



T H = 333.9 K=61°C. 



The effect of finite thermal resistances tn the evaporator and condenser is to increase the power by a 
factor of two. 
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PROBLEM 11.76 



KN OWN: Flow rare and pressure of saturated vapor entering a condenser. Number and diameter of 
condenser rubes. Water flow rate and inlet temperature. Tube outside convection coefficient. 

FIND: (a) Water outlet temperature, (b) Total tube length, (c) Effect of fouling on mass condensation, 
( d) Effect of water flow rate and inlet temperature on condenser performance. 

SCHEMATIC: 



m h = 1.5 kg/s 



N = 100 tubes, D = 10 mm 



h 0 = 5000 Wm z -K 



3 



Parts 

m c = 1 5 kg/s / < a > " ( c > 



r c -2S0K 



ASSUMPTION'S: (1) Negligible heat loss to surroundings, (2) Constant properties. (3) Negligible wall 
conduction resistance and fouling (initially). 

PROPERTIES: Water (given): c„ = 4178 J/kg-K, li = 700 x 10" a kg.'s-m, k = 0.628 W/m K, Pr = 4.6; 
Table A.6, Sat. steam (355 K): h f5 = 2.304 x 10 6 J/kg; With fouling: RJ = 0.0003 nr-K/W. 

ANALYSIS : (a) From an energy balance, qj = ^ ( 41 i _ 'h o ) = ™h n fg = 1c = m c c p c \\ o ~\ i ) ■ OT 



"i 1; h f ^ 1 .5 ke/s x 2.304 x 1 0 s j/ks 
T c.o = T c.i+— =-^- = 280 K ; ^ = 335. IK. 



< 



15kg/sx 4178 J/kg-K 



(b) Since C r = 0, NTU = -ln(l - e), where 
1 



m c c p,c 'n , (335.1- 280) K 



Vc( T h,i- T ci) (355- 280) K 



: 0.735 



Hence. NTU = -ln(l - 0.735) = 1.327 = UA'Cnm. The overall heat transfer coefficient is given by LU = 
1/ h[ + L/h 0 . For the internal tube flow, 

4nyi 4:<15ka/s/l0Q 



Rer 



= 27. 284 



^ d j" zr (0.0 lm) 700x10 6 kg/s -m 
Hence, assuming fully developed flow with the Dittus-Boelter correlation. 

Nu D = 0 023 Rep 3 Pr° - 0.023(27, 284} 4,1 ' 5 (4.6)° 4 - 149 8 

hj = (k/D^Nup - 0 - 62SW ^ K 14 3 .8 = 94O8w/m 2 -K 
0.01m 

and U = [( 1/9408) + (l/aOOO)]" 1 w/ ni"-K = 3265 w/ in 2 K Hence, the heat transfer area is 
A = m c c pc (NTU/U) = 15 kg/s (4178 j/kg K) (l. 327/3265 w/ m 2 kJ = 25.5m 2 

and the tube length is L = A/NbrD = 25.5 m 2 /100n(0.01 m) = 8. LI m 

(c) With fouling, the overall heat transfer coefficient is l. ; U w = 1/U W0 + Rf . Hence, 



< 



Continued.. 
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PROBLEM 11.76 (Cant.) 

1/U W =|^3.063xl0 _4 +3>:L0 _4 Jm 2 K/W 

U H = 1649 W/m?-K. 

NTU = UA/C^u = ( 1 649 w/m 2 - K x 25.5 m 2 J j{\ 5 kg/s x 41 78 J/kg ■ K) = 0.671 

From Eq. 11.35a, s = 1 - expfNTU) = 1 - exp(-0.671) = 0.4S9. Hence, q= sq^ s = 0.489 x 15 kg/s x 
4178 J/kgK(355 - 280)K= 230 x 10 s W. Without fouling the heat rate was 

q = m h h fa = 1. 5 kg/s x 2.304 x 10 6 J/kg =3.46 >:10 e W. 

Hence. m bjW /rh kwo = 2.30xl0 6 /3-46xlO S =0.666. < 

The condensation rate with fouling is then rhjj w = 0.666 x 1.5 kg/s = 0.998 kg/s . 

(d) The prescribed water inlet temperature of T- : = 2B0 K is already at the lower limit of available 
sources, and it would not be feasible to consider smaller values. In addition, with hj already quite large, 
an increase in ih c is not likely to provide a significant improvement in performance. Using the Heat 
Exchanger and Correlations Tools fromlHT. the following results were obtained for 15 < m c < 25 kg/s. 



i : 




a.s -| 1 1 1 1 1 1 1 1 1 

15 17 19 21 23 25 

Water mass flow rate, ™to1c.:ks.'i) 

Over the specified range of m c , there is approximately an 1S% increase in the heat rate, and hence in the 

condensation rate. This increase is. m part, due to the increase m hj from 9408 to 14,160 W/m : -K which 
increases U from 1649 to 1752 W/nr K, as well as to a reduction in T c . 0 from 316.6 to 306.0 K, which 
increases the mean driving potential for heat transfer. 

COMMENTS: There is a significant reduction m performance due to fouling, which can not be restored 
by increasing m c . The desired performance could be achieved by oversizing the condenser, that is, by 
increasing the number of tubes and'or the tube length. 
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PROBLEM 11.77 



KNOWN: Rankine cycle with saturated steam leading the boiler at 2 MPa and a condenser pressure 
of 10 kPa. Net reversible work of 0.5 MW. 

FEND : (a) Thermal efficiency of ideal Rankine cycle, (b) Required cooling water flow rate to 
condenser at 15°C with allowable temperature rise of 1Q 3 C, and (c) Design of a shell and tube beat 
exchanger (one shell and multiple tube passes) to satisfy condenser flow rate and temperature rise. 



SCHE\EATTC: 




WkPa 



ASSUMPTION'S: (1) Negligible loss from condenser to surroundings, (2) Ideal Rankine cycle, and 
(3) Negligible thermal resistance on condensate side of exchanger tubes. 

PROPTRTITS: Steam Tables. (Wart 4 ,b Edition): (1) p x = p 4 = 10 kPa = 0.10 bar, T^, = 45.8°C = 
31 9 K vf =1.0102x1 0" 3 in/kg, hf = 191 .83 kJ/kg; (3) pi = p3 = 2 MPa = 20 bar, h s = 2799.5 kJ/kg, 
s g = 6.3409 kJ/kg-K, (4) $4 = &3 = 6-3409 kJ/kg-K, p4 = 0.1O bar, sf = 0.6493 kl'kg-K, s g = 8.1502 
klkg-K, h f = 191.83 kJ/kg-K, h fg = 2392.8 kJ/kg; Table A-6, Water fT, at = 293 K): c P:C = 4182 J/kg-K, 
u = 1007 x 10" S K-s/m 2 , k = 0.603 W/m-K, Pr = 7.0. Note: 1 bar = 10' N.nT = 10' Pa. 

ANALYSIS: (a) Referring to your thermodynamics text, fmd that 
„ ^net w t~ w p (h3- h 4)- Y l(p2-Pl) 



Qh Qh 



h 3 -h 2 



where the net work is the turbine minus the pump work. Assuming the liquid in the pump is 
incompressible, 

w p = t l (p 2 - pi ) = 1 .0102 x 1 Q~ 3 m 3 /kg f 2 < 10 6 - 10 x 10 3 )n / m 2 = 2.01 kJ / kg. 

To find the enthalpies at states 2, 3, and 4. consider the individual processes. Forme pump, 
h 2 =h L +w p =(191.83 + 2,01)kJ7kg = 193.84 kJ/kg. 

Since the exit state of the boiler is saturated at = 2 MPs. 
h 3 = h g = 2799.5 kJ/kg. 

Q H = n 3 -k 2 = (2799.5-193. 84)kJ/kg = 2605 7 kJ/kg. 
Since the process from 3 to 4 is lsentrcpic, S4 - 53, hence 

x 4 = (s 4 - sf ) / (s g - s f ) = (6.3409 - 0.6493) / (8. 1502 - 0.6493) = 0.759 

h 4 = hf +xhf g =[191.83 + 0.759(2392.8)] kJ/ kg = 2007.5 kJ/kg. 



Continued . 
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PROBLEM 11.77 (Cont.) 

w T = h 3 -h 4 =( 2799.5 - 2007.5 )kJ/ kg = 792.0 kJ/kg 

Substituting appropriate values, the thermal efficiency is 

~ (792.0 - 2.01 )kJ/ kg 

T}=- - = 0.303 = 30.3%. < 

2605.7 kJ/kg 

(b) From an overall balance on the cycle, the heat rejected to the condenser it 

Q c = Q H -w net = [2605.7 -(792.0- 2.01)] kJ/ kg = 18 15. 7 kJ.- : kg. 

Since the net reversible power is 0.5 MW, the required steam rate (h) is 

m h = *net i w uet = Q - 5 * !° 6 w ■■'( 79 --° ~ -- 0 ] ) ^ 1 k S = 0 6329 k S ' 
Hence, the heat rate to be removed by the cold water pacing through the condenser is 

q c = Qc ' m h = m c c p,c ( T c,out _T c,in) 

1815.7 kJ / kg x 0.6329 kg/s =1.149 <1Q 6 W = m c x 4182 J/kg K(25-15)K 

in c =21 Al kg/ s < 
where Cp. c = Cp ; f is evaluated at Tj, T clu = 15 C C and T c . ou t - T c m = 10 D C. the specified allowable rise. 

(c) To design die heat exchanger we need to 
evaluate UA. Considering the shell-tube 
configuration and since C r = C^/Ce^ = 0, 

£ = 1 - exp ( -NTU ) = 1 - exp[- (UA / )] 

P _ q <ic 




<lmax iiic c p,c( T h- T C4) 



1.149 *10 U W 



27.47kg/sx4182 J/kg-K(45.7-15)K 



= 0.326 



0.326 = 1 - exp 



UA 



27.47 kg/ax4182 J/kgK, 



UA S = 45,372 W/K 



where = m,, Cp c . Our design process will involve the following steps: select tube diameter. D 

= 15 mm; set %. = 2 m/s m each tube and find number of tubes; perform internal flow calculation to 
estimate h c and tlien detemune the length. 

m c =pA c Nu m =(l.010xl0" 3 m 3 ,''kg) 1 |V(0.015m) 2 / 4j2m/sxN = 27.47 kg/s 



N = 7S.5 *79. 



Continued . 
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PROBLEM 11.77 (t out.) 

For flow in a single tube, 

4m r 4(27.47 kg /s/ 79) 
Re D =^=— 4 -=29,310. 

jrfO.0 15m 11007x10 ^N-s/m 2 



Assuming the flow is fully developed and using the Dittus-Boelrer correlation. 

Nu = ^ = 0.023 Re°, 8 Pr° 4 = 0.023 ( 29, 3 10 )°- S (7.00) 04 = 187.7 

h = 0.603 W /in - K * 187.7 / 0.01 5m = 7544 W / m 2 ■ K. 
Hence, the tube length is 

UA S =h(ffDL)N= 45,372 W/K 

L = 45,372 W/K/ 7544 W / m 2 - K x ji (0.015 m ) 79 = 1 . 6m 
and our design lias the following parameters: 

N = 79 tubes L=1.6m D = 15mm < 

COMMENTS: (1) The selection of the tube diameter and water velocity values (15 mm. 7 m-'s) was 
based upon prior experience; they seemed reasonable. We could, however, establish other 
requirements which would influence these choices such as allowable pressure drop and standard tube 
sizes. 
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PROBLEM 11.78 



KNOWN: Rahkme cycle with saturated steam leaving the boiler at 2 MPa and a condenser pressure 
of 10 kPa. Heat rejected to the condenser of 2.3 MW. Condenser supplied with cooling water at rate 
of70kg..'sat 15°C. 

FEND : (a) Size of the condenser as determined by the parameter. UA, and (b) Reduction in thermal 
efficiency of the cycle if U decreases by 10°-a due to fouling assuming water flow rate and inlet 
temperature and the condenser steam pressure remain fixed. 



ASSUMPTIONS : (1) Negligible loss from condenser to surroundings, (2) Ideal Rankine cycle, (3) 
For fouled operating condition, n^ T c j and p4 remain the same. 

PROPERTIES: Steam Tables (Wark, 4" Edition): See previous pioblem for calculations to obtain 
cycle enthalpies; hj = 191.83 kJ/kg, I14 = 2007.5 kJ/kg. 

ANALYSIS: (a) For the condenser, recognize that C m i Q = C c , and Q = CmW'Cman - Q> 



SCHEMATIC: 



T h =%=4S.7X 



T 




4 



1 - exp (-NTU) = 1 - exp (-UA/Cnun) 



e = 



Imax 



c min = m c Cp.c = 70 k S s x 4 1 82 J / kg - K = 292, 740 W / K 
Qmax = c mm ( T h ~ T c.i ) = 292 > 740 w ' K (45 .7 - 1 5) K = 8.987 x 1 Q 6 W. 
q=q h = 2.30«10 6 W 
2.30xlO e W „„„ . ( UA 




UA = 86,538 W/K. 



< 



(b) In the fouled condition, U is reduced 10%, hence 
U f A = 0.9UA = 77,884 W/K 



and 




£f = 1 - exp f-NTUf ) = 1 - exp (-0.266) =0.234. 



Continued 
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PROBLEM 11.78 (Cont.) 



If we operate the cycle at the same back pressure P4 = 1 0 kPa so that = 45 .7°C, the heat removal 
rate must decrease, 

1h = «limx = 0. 23 4 x 8 . 9 8 7 x 1 0 6 W = 2 . 1 03 x 1 0 e W 

since = (Tvj - T c j) remains the same. From the previous problem, we found the heat 
rejected as 

h 4 -h L = (2007.5- 191. 83 )kJ/kg = 1815.7 kJ/kg 
and hence the cycle steam rate through the fouled condenser is 

mh,f =qh / t h 4 " h l) = 2 - 103x10(5 W/1815.7 kJ/kg = 1.15S kg/s. 
For the imfouled condenser of part (a), the steam rate was 
rh h = 2.3 MW /IS 15.7 kJ/ kg = 1.267 kg/s. 

Hence, we see that fouling reduces the steam rate by 8.5% when U is decreased 10%. Since p4 
remains the same, the thermal efficiency remains unchanged, 

r? = 30.3% < 
as calculated in the previous problem. However, the net work of the cycle will decrease 8.5%. 

COMMENTS: Fouling of the condenser heat exchanger lias no effect on the thermal efficiency of 
the cycle since the back pressure at the condenser is maintained constant. The effect is, however, to 
reduce the heat rejection rate while maintaining exchanger flow rate and inlet temperature fixed. 
Comparing the conditions: 



Parameter Clean Fouled Change f %) 

UA. W/K 86,538 77,884 -10.0 

e 0.256 0.234 -S.6 

MW 2.300 2.103 -S.6 

w U et - - -8-6 
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PROBLEM 11.79 



KNOWN: Compact heat exchanger (see Example 1 1.6) after extended use has prescribed fouling 
factors, on water and gas sides. 

FIND: Gas -side overall heat transfer coefficient. 

SCHEMATIC: 



+ t iJ^^Ss^—^ 190 Wf™* K f VaA -0.91 



Fouling factors: R^ c = 0. QOQStr^-Kf\N 



ASSUMPTIONS : (1) Heat transfer coefficients, on the inside and outside (cold- and hot-sides) are the 
same as for the unfouled condition, (2) Temperature effectiveness of the finned hot side surface is the 
same as for the unfouled condition. 

ANALYSIS: The overall heat transfer coefficient follows fromEq. 1 1.1 as 



1 



1 



-R w + 



Rf.h 



l 



u h A h (>fe hA ) c (% A ) C ™ (?7o A ) h (^AJh 
where R w and Rf are the wall resistance and fouling factors, respectively. Multiply both sides by Ah 
and recognizing that n. 0jC = 1, obtain 

+ R w h 



U h h c (A c /A h ) (A c /A h ) 



7o.h % n h 



Substitute numerical values from Example 1 1.6 results (hh, T| 0 .a- Ah R w . Ac/A]!) and those from the 
problem statement ( RJ ^ , Rf 

1 1 



.h c ) to find. 



u h 1500 W/m 2 -K(0.143) 



0.0005m 2 -K/W 
(0.143) 



, el ,n-5 2 T , 0.001m- -K/W 

+ 3.51x10 J m -K/W + + 

0.91 



1 



0.91x130 W7m 2 K 



4 662x10 3 + 3.497*10 3 +3.51x10 5 +1.099 -;10 3 +6 005x10 3 jm 2 K/W 



U h = 66 3 W/m -K. 



COMMENTS: For the unfouled condition, we found Uh = 100 W/m K from Example 11.6. Note 
that the thermal resistance of the tube- fin material is negligible and that fouling has a significant effect, 
reducing Uh by 34%. 
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PROBLEM 11.80 

KNOWN: Compact heat exchanger with prescribed core geometry and operating parameters. 

FIND : Required heat exchanger volume; number of tubes in the longitudinal and transverse 
directions, Nl and Nj; required tube length. 

SCHEMATIC: 



lengitudiml direction ^-fy Trtmwwae direction (single ^a*s)-* Nj- 




Of her parage ter^ U^WO W/mtX, oc =26?*,*/*, a, Of =2&Smw,il=i&W>to\=CW30 



ASSUMPTIONS: (L) Negligible heat loss to surroundings . (2) Single pass operation. (3) Gas 
properties are those of air. 

PROPERTIES: Table A- 6. Water (T c = 325 K): p = 987.2 kg.'m 3 , c p = 4182 J/kg-K: Table A-4, Air 
(Assume T Lo a 400 K_ * 550 K 1 arm): c p = 1040 J/kg-K. 

ANALYSIS: To find the Hxer volume, first find A^ using the e-NTU method. By definition, 

V = A h /ff and A ]l =NTUC nllll /U u . (L2) 

Find the capacity 7 rates, q. qjx.au and s: 

C c = m c c p c = 2 kg/sx41E2 J /kg K = 8364 W/K 

C n =iiih Cp.h =1-25 kg/sxl040 J .'kg K = 1300 W/K <- C umi 

Hence. 

C.=^™=0.155. 
C 

^•max 

It follows that 

g c c (T Cj o ~ T c i ) _ 8364 W / K ( 3 50 - 300) K _ 
£ ~ C^foi-T^i) " 1300 W/K(700- 300)K " 

With E = 0_B04andQ = 0 155, find NTU ss 1.7 from Fig. 1 L 14 for a single-pass, cross flow Hxer with 
both fluids unmixed. Using Eqs. (2) and (1), find 

A h = 1 .7 x 1300 W / K / 1 00 W / m 2 K = 22 . 1 in 2 

V = 23.7m 2 / 269m 2 /m 3 = 0.082 in 3 . 

Continued 
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PROBLEM 11. SO (Cant.) 



To determine the number of tubes in the 
longitudinal direction, consider the tubular 
arrangement in the sketch. The Hxer 
volume can be "written as 



where 



V = A fr xf L (3) 



* L =(N L -I)£+Df (4) 




and Xl is the number of tubes m the longitudinal direction. Combining Eqs. (3) and (4) and 
substituting numerical values., find 

N l = (V / Af r - Df ) / f + 1 



(5) 



where Df is the overall diameter of the finned tube, and 

N L = ( 0.082m 3 / 0.20 m 2 - 0.0285m]/ 0.0343 + 1 = 12.1 * 13. < 

To determine the number of tubes in the transverse direction, compare the overall water flow rate rii,, 
with that for a single tube, iii t . That is, 

m i =p c A t V 1 (6) 

where A t is the tube iimer cross- sectional area (*Tjf /4^ and \\ the internal velocity. Hence, 

N = m c , m t = (2 kg / s ) / 987.2 kg /m 3 x-(0.0138 mf x 0. 100 m/s = 135.4 * 135. 

4 

The total number of tubes required, N, is 135: the number in the transverse direction is 

N T =N/N L = 135/13 =10.4*11. < 

To determine the water tube length, recognize that the total area (Ah), less that of the finned surfaces 

(Af). will be that of the water tube surface area. That is, 
Afc — Af =7rD a (j -N. 

From specification of the core geometry, we know Af A^ = 0.830, solve for lj to obtain 

£ T =A h (l-A f /A fa )/jrD 0 -N (7) 

f T = 22.1m 2 (1-0.830), ST (0.0164 m)xl35 = 0.54 m. < 

COMMENTS: In summary we find that 

Total number of tubes, N (N T x N]J 1 43 

Tubes m longitudinal direction, N]_ 1 3 

Tubes m transverse direction, N7 1 1 

2 

with a total surface area of 22.1 m . The length of the exchanger is 

Length in longitudinal direction, 0.41 m 

Length m transverse direction, (j 0.54 m. 
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PROBLEM 11.81 



KNOWN": Compact heat exchanger geometry, gas- side flow rate and inlet temperature, water-side 
convection coefficient, water flow rate, and water inlet and outlet temperatures. 

FIND: Gas-side overall heat transfer coefficient. Required heat exchanger volume. 

SCHEMATIC: 

Hypothetical y^Z^ ' /wI^F"t> h c = 1500 W/m 2 -K 



circular fin 

'Combustion gas, 

rfi h = 1-25 kg/s 
T hii = 825K 
Afr = 0.20 m z 




T ei = 290 K 
T C>0 = 370K 
Di = 8.2 mm 
D„ = 10.2 mm 

l 2 D,,:2 



Continuous fin 

(surfaca 8.0-3JST) 



ASSUMPTIONS: (1) Gas has properties, of atmospheric air at an assumed mean temperature of 700 
K (2) Negligible fouling, (3) Negligible heat exchange with the surroundings. 

PROPERTIES: Table A- 1, aluminum (T * 300 K): k = 237 W/m-K. Table A- 4, air (p = 1 atm T = 
700 K): c p = 1075 J/kg-K, u= 338.8 x 1 0" ' Ns/m 2 . Pr = 0.695. Table A-6, water ( T = 330 K): c p = 
41S4J/kgK. 

ANALYSIS: For the prescribed heat exchanger core. 



1 



1 



U h h c (A c /A h ) 



A h R w + 



1 



where 



Di 



1- 



Afh' s 



A h D 0 { A h 



10.2 



(1-0.9 13) = 0.070 



Hie product of Ah and the wall conduction resistance is 

4R _ MD Q /Dj) _ Djto(D 0 /Di) _ 0.0082mxlii(l 0.2/8.2) _ , 39ylQ -5 m 2 K , w 
* h w 2,TkL/A h 2k(A c /A h ) 2x237 W/m-K(0.070) 

2 2 

With a gas-side mass velocity of G = / (J Af r = 1.25 kg/s/0.534 x 0.20 m =11.7 kg/s-m". 



GDt, 11.7 kg /sm z x 0.00363m 
Re = — = — = 12>4 

M 338.8x10 'N-s/rn- 

and Fig. 11.17 yields j H = 0.0096. Hence. 



0.0096 G c D 0.0096(1 1 .7 kg / s m 2 ) (1075 J / kg - K) 



Pr 



2/3 



(0.695)- 



3 



= 154 W/m z -K 



Continued 
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PROBLEM 11.81 (Coiit.) 



Withr 2c = n - 1/2 = 15.8 mm + 0.330 inm/2 =15.97 mm, n c /ri = 15.97/5.1 = 3.13, L = r 2 - q = 10.7 
nun. L- = L - 1/2 = 1 0.87 mm = 0.0109m A p = Let = 3.59 x IQ 6 ra, and L 3 C '' 2 (hk/kAp) 1 '" = 0.484, 
Fig. 3.19 yields T|f * 0.77. Hence, 

J7 oh = 1-Al(i- W ) = I- 0.913(1-0.77) = 0.790 

UjT 1 =^1500 W.'m 2 KxO.O?) + 5.39 x ID -5 m 2 -K/W +^0.79x154 W.'ni 2 k J = 0.0183 m 2 K/W 

U h = 56.2 W/ in 2 K < 

With q = Cc (T^ - T C;i ) = 4 1 84 W/K x 80 K = 3.35 x L0 5 W, q^^ = C mio (Th.i - T Cii ) = 1344 W/K x 
535 K= 7.19 x 10 3 W : e = 0.466 and Q = 0.321. From Figure 11.14, we then obtain NTU a; 0.65. 
The required gas-side surface area is then 

NTUxC. mn 0.65x1344 W/K 1C= - 
= — = = 15.5 m 

u h 56.2W/m 2 -K 

2 3 

With ct = 587 m /m\ the required volume is 

v = AjL= 15.5 m 2 0Q26m 3 
a 587m 2 /m j 

COXnEEXTS: (1) Although is small and A^ larger for the continuous fins than for the circular 
fuis of Example 1 1.6. the much larger value of as renders the volume requirement smaller. 

(2) The heat exchanger length is L = V/A^ = 0. 1 32 m. and the number of tube rows is 
N L * — -1 = 7 

(3) The hypothetical fin radius (r? = 15 8 uim) was estimated to be the arithmetic mean of one-half the 
center-to-ceutex spacing between one tube and its six neighbors. 
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PROBLEM 11.82 

KNOWN: Cooling coil geometry. Air flow rate and inlet and outlet temperatures. Refrigerant- 134a 
pressure and convection coefficient. 

FEND: Required number of tube rows. 

SCHEMATIC: 



A' fr =ai6m z 



\*—L- 




+ + 

+ 




+ + 




+ 





R-134a 



h c =5000Wf m z-K 



*T hr0 =Z90K 



Surface CF-7.0-5/3J, 



AS SI MPTTONS : (1) Negligible fouling, (2) Constant properties, (3) Negligible heat loss to 
surroundings. 

PROPLKXEES: Table A- 4, Air [ T h = 300 K, 1 atm): c p = 1007 J/kg-K, \\ =184.6 x 1<T N-s/m 2 , k = 
Q.0263 W/mK, Pr = 0.707; Table AS, Sat. R-134a (1 atm): T Mt = T c = 247 K. h fg = 217 kJ/kg. 

ANALYSIS: The required number of tube rows is 
N L =(L-D f )/S L +1 

where 

L = V / A fr V = A h / a A h = NTU (C^ / U h } 

l/U h =l/h c (A c /A h )+A h R w +l/ % . h h h . 
From Ex. 11.6, (A c .. ; A ]l ) = 0.143 and A^- = 3.51 x 10° nf-K/W. With 



m h 



1.50 kg/s 



o'Aft 0.449 « 0.1 6 m z 



■ 20.9 kg/srn^ 



GD^ _ 20 9 kg/s in 2 x 6.68k 10 3 m_ 
Re — — — = = — .063 

M 184.6 x 10"' N-s.' m 

and Fig. 11.16 gives jh * 0.0068. Hence. 

h h = Jh ^ = 0.006 S 2Q ^ / - 2 ^y J ^- K =180 W/^-K. 
Pr^" (0.707) 

With L c = 6.18 mm and A p = 1.57 x 10" fi m 2 from Ex. 116, L^/ 2 (h t . kA p J 1 1 = 0.338 and, from 
Fig. 3.19, T|fR; 0.89 for r2 C /ii = 1.75. Hence, as in Ex. 11.6. = 0.91 and 

1/U h =1/^5000 W/m 2 -Kjo.l43 + 3.51xlO _5 m 2 -K/W + l/j|o.91xl80 W.'m 2 -K) 
U h =133 W/rxr K. 



Continued 
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PROBLEM 11.82 (Cont.) 

With CWCW = 0 Mid Pmi! = m h c p h = 1 5 1 1 W/K, 

q c h( T h,i- T h,oJ 20 K 



qmax c ,, ; :,, , 67 k 

NTU=-la(l-£) = 0.382 



= 0.317 



and 



A h = NTU^™ = 0.3 82 1311 W -' K = 434 m 2 
u h I33W/m J -K 

Hence, 

L = ^lL._ ^Q.lOlm 



ffA fi 1269 m 2 /m 3 |0.16m 2 



and 



L-Df_ u ^723__ 1 = _ u 
L S L 0.0343 m 

Hence, three or more rows must be used. 

COMMENTS: For the prescribed operating conditions, the heat rate would be 
q = C h I T h , - T h 0 ) = 1 5 1 1 W / K(20 K) = 30, 220 W. 

If R- 134a enters the tubes as saturated liquid, a flow rate of at least 

q 30,220 W . 

m r =— — = = 0.139 kg/s 

hf g 217,000 J /kg 

would be needed to maintain saturated conditions m the tubes. 
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PROBLEM 11.83 



KNOWN: C ooling coil geometry. Air flow rate and inlet temperature. R-134a pressure and 
convection coefficient. 

FEND : Air outlet temperature. 

SCHEMATIC: 



T ht ^10K 




' y 134 * K h c =50O0W/ m *-K 



Surface CF-W-5/3J, 



ASSUMPTIONS : (1) Negligible fouling, (2) Constant properties, (3) Negligible heat lost to 
surroundings. 

PROPERTIES: Tabic A-4, Air (T h * 300 K, 1 atm): c p = 1007 J/kg-K, u = 184.6 x 10""' N-s.'m 2 , k = 
0.0:« W m-Iv. P:- = :;.707. Table A-.\ Sat. R-134a(l atm): T- f - = T c = 2-7 K. l-. f r = J 1 7 k J kg. 

ANALYSIS: To obtain the air outlet temperature, we must fust obtain the heat rate from the s-NTU 
method. To find A^, first find the heat exchanger length, 

L * (N L -1)S L + Df = 3 (0.0343 m) + 0.0285 m = 0.131m. 

Her.ce. 

V= A fr L = 0.16in 2 (0.131m)=0.021iii 3 

3\„ n ^ 3 



A h = ffV = (269 wT / ni ) 0.02 1 ni = 5.65 m 

1 



The overall coefficient is 

1 1 

= " A h R w + 

u h h c( A c /A h' tfoh b h 



5 2. 



where Ex. 1 1.6 yields (Ac/ Ah) = 0.143 and AlR, v = 3.51 x 10"- in K7W. With 



1.50 kg /s 



^fr 0.449x0.16 m 2 



: 20.9 kg/ s- rn- 



GDi, 20.9 kg/s -in" x 6.68k 10 J m n ., n 
Re = — = = 7363. 

M 184.6k 10 'N-s/rn^ 



Fig. 11.16 gives jn* 0.0068. Hence, 



h h =Jh 



Pr 273 " 



= 0.0068 



20.9 kg/s-m z xl007 J/kg-K 



lO 707! 



2/3 



h h =180 W / in z ■ K. 



Continued . 
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PROBLEM ll.SafCoiit.) 

\l/2 



With L c = S IS mm aid A p = 1.57 x 10' 6 m 2 from Ex. 11.6, 4''' 2 (h h /kAp ) = 0.338 and, from 
Fig. 3.19, r| f *0.S9 for r 2c /ri = 1.75. Hence, as in Ex. 11.6. rj 0 ^ = 0.91 aid 



--3.51x10 5 m 2 -K/W+- 



With 



U h [5000 W/m 2 k) 0.143 0 9l(l80 W/m 2 k) 

U h = 133 W/ni 2 -K. 

c mm = c li = "% c p,h = 1 - 5 kg/s(1007 J /kg -K) = 1511 W/K 

_ TT U h A h 133 W/rn 2 Kx 5.65m 2 

NTU = 11 n = = 0.497. 

1511 W/K 

With WQm = 0, Eq. 11.35a yields 

£ = 1 - exp (-NTU) = 1 - rap {-0.497 )= 0.392. 

Hence, 

q = £W = ^C mm (T ]l:1 -T c . 1 )= 0.392(151 1 W/K)d3 K 

q = 37,200 W. 
The air outlet temperature is 

T h . =T hl --^ = 310 K- 37 -°° w =285 K. 
a '° 1M C h 1511 W/K 

COMMENTS: If R-134a enters the tubes as saturated liquid, a flow rate of at least 

q 37,200 W .. 

m r = = = 0. 1 7 1 kg .' s 

c h fg 217,000 J /kg 

would be needed to maintain saturated conditions in the tube;. 
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PROBLEM 1 1.S4 



KNOWN: Cooling coil geometry'. Gas flow rate and inlet temperature. Water pressure, flow rate 
and convection coefficient. 



FESD: Required number of rube rows. 
SCHEMATIC: 



T h } = WOK 




Sat wafer) -m c -0,5kg/s 



■Surface CF-^.O-SjSJ, 
D;=13.8mm 



ASSUMPTIONS : (1) Negligible fouling, (2) Constant properties, (3) Negligible heat loss to 
surroundings. 

PROPERTIES: Table A-4, Air (T h * 725 K, 1 atm): c p = 1081 J/kg-K, [i = 346.7 x 10" 7 
N-s/m 2 , k = 0.0536 W/ra K, Pr = 0.698; Table A-6, Sat. water (2.455 bar): T 3at = T c = 400 K, 
1^ = 2183 kJ/kg 

ANALYSIS: The required number of tube rows is 



where 



L=- 



A fr 



V = 



a 



A h =NTU 



C min 



1 



1 



U h h c (A c /A h ) 
From Ex. 11.6, (A^AjJ t 0.143 and 



A h R w ■ 



^?o,li h h 



A;.R , s °.-(Po^.)J°.0138 m)1 „( 16 .4/13. 8) = ... <ir4m2K . w _ 



Wi:h 



G = 



m h 



2k(A c /A h ) 2{15 W/rn-K) [0.143) 



3.0kg/s 2 
= 18.6 kg .■ & ■ m 



°" A fr 0.449 0.36 m- 



GDi, 18.6 kg /Vn^x 6.68x10 3 m 
Ke = — = = 3d fa 



346.7 k 10 ' N s'ni ' 



and Fig. 11.16 gives t 0.009. Hence. 

h h = Jh ^=0.009 1S - 6k ^- 2 ^y J/ ^ K = 230 
Pr (0.698) 2 '' 3 



Continued . 
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PROBLEM 11.8<Cont.) 



With r 2c /ri = 1 .75, L, = 6. 18 ram and A p = 1 .57 x 10"* ni &om Ex. 11.6, 4'' 2 (h h / kA p ) '' =1.52 
and Fig. 3.19 gives r\f* 0.40. Hence. 

*7o,h = 1-^(1 -/ff) = 1-0.83(1-0 4) = 0.50. 



Hence. 



— =-— ^ : 5.55xl0 _4 m 2 -K/W + - 

U h (10 4 W/m 2 -K)0.143 



(lO 4 W/m 2 K 1 0.1 43 0.50^230 W/m 2 k) 



U h =100.5 W/m 2 -K. 



With 



q = m c hf g = 0. 5 kg / s fl. 183 x 10 6 J / kg ) = 1 .092 x 10 6 W 

c min = C u = 3.0 kg /' s (1081 J / kg - K) = 3243 W / K 

Irnax = C inm ( T h.i ~ T c,i ) = 3 - 43 W ■'' K ( 50 ° K ) = J- 622 x 106 W 



Snd 



q 1.092 xl0 6 W 
e = — — = ; =0.674. 



<lmax 1.622xl0 6 W 
From Eq. 11.35b 

NTU =- In (1 - f) = — In (1-0. 674) = 1.121. 

Hence. 

A h = NTU^saS- = 1.121 3243 W ; '' f = 36. 17 m 2 
u h 100.5 W m- K 

L = ^ = 36 - 17m2 ,= 0.373m 

A fr ff 0.36 m 2 j269m 2 /ni 3 J 

L-Df . 373-28.5 . . . „ .. 

N T = L +l = + 1 = 11.06 S: 11. 

L S L 34.3 
COMMENTS; The gas outlet temperature is 

Tho=T lll -^- = 900 K- 1 092xlQ6w = 564K. 
C m,, 3243 W/K 

Hence T t = (900 K - 564 K)/2 = 732 K is in good agreement with the assumed value. 
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PROBLEM 11.85 

KNOWN: Cooling coil geometry. Gas flow rate and inlet temperature. Water pressure and 
convection coefficient. 

FIND : Gas outlet temperature. 

SCHEMATIC: 



p bars, 



T hr -900K 




Surface CF-70SiSJ } 



ASSUMPTIONS : (1) Negligible fouling, (2) Constant properties, (3) Negligible heat loss to 
surroundings. 

PROPERTIES: Table A-4, Air [T h s 725 K, 1 atm): c p = 1081 J/kg-K, \l = 346.7 x 10"'' N-s/m 2 , k = 
0.0536 W/m-K, Pr = 0.698; Table A-6, Sat. water {2.455 bar): T^ = T c = 400 K, hf g = 2183 Bkg. 

ANALYSIS: To obtain Th_o> first obtain q from the e-NTU method. To determine NTU, At, must be 
found from knowledge of L. 



Hence. 



Ls(N L -l)S L + Df = 10 (0.0343 m)+0.02S5m= 0.372 m 

V = A fr L = 0.36m 2 (0.372m) = 0.134m 3 

A h = ffV = ^269 m 2 / m 3 Jo. 134 m 3 = 36.05 m 3 . 



The overall coefficient is 
1 1 



+ A h R w + 



U h h c (A c /A h ) 
From Ex. 11.6, (Ac/Ah) = 0.143 and 

A h R y = DMD ° /D ! } = (0-°»8m)h{16.4/13.8) = _ ^ ^ R/w 



G = 



m h 



2k(A c /Ai 1 ) 2(15 W/m K)(0.143) 
3.0 kg/s 



°~ A ii 0.449 k 0.36m 2 



= 18.6 kg / & ■ m 



_GD ]l _ 1S.6 kg/s m 2 x6. 68x10 3 m_ 
M 346.7 <10" 7 N- s/ in- 



ane! Fig. 1 1. 16 gives jh* 0.009. Hence, 



Continued . 
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PROBLEM ll.S^Cont.) 

hh = Jh — rk = °' 009 jTi 

Pr"' 3 (0.698 f'* 

h n =230 W/in 2 -K. 

Withr^/q = 1.75, Lc = 6. IE mm aid A p = 1.57 x 10" 6 m 2 lorn Ex. 11.6, L^'' 2 (h h /kAp ) L ' 2 = 1.52 
and Fig. 3.19 gives r|fa 0.40. Hence. 

?7 0>h =1-^(1- 7f) = I- 0-83(1-0.4) = 0.50. 



Hence, 



— = - ; +5.55x10^ m 2 -K/W+- 



flO 4 W/m 2 -K)0.143 0.50,(230 W/m 2 k) 



1^= 100.5 W/m 2 K. 

With 

c mm = c li = 3 k S ■■'&(10S1 J/kg ■ K) = 3243 W/K 

Tr * 100.5 W/m 2 - K| 36.05 m 2 ) 

NXU = ^l£h = 1 i =1.117. 

C nlln 3243 W/K 

Since C^/Cnaj = 0, Eq. 11.35 a gives 

e = l-exp(-NTU) = l-exp(-l. 117} = 0.673. 

Hence, 

q = eC^ (T hl -T c . j ) = 0.673(3243 W/ K)(50G K) = 1.091xl0 6 W 

and 

Tho-T lll -^=900K- 1 - 091X1 ° 6W ^64K. 
c imn 3243 W/K 

COMMENTS: (1) The assumption of = 725 K is good. 

(2) If water enters the tubes as saturated liquid, a flow rate of at least 

q 1.091*10 6 W ,. 
m c = = = 0.50 kg / s. 

tfg 2.183k 10 th J/kg 
would be need to maintain saturated conditions in the tubes. 
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PROBLEM 11S.1 

KNOWN: Operating conditions and surface area of .1 finned- rube, cross- flow exchanger. 

FIND : Ov erall heat transfer coefficient. 

SCHEMATIC: 



Cross - flow fiKer 
(both fluids 
unmixed) \i 



1 l\l 




ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Exhaust gas 
properties are tliose of air. 

PROPERTIES: Table A-6, Water (T m = 87°C): Cp = 4203 J/kg-K; Table A-4, An 
(T m * 275°C): Cp =1040 J/kg-K. 

ANALYSIS: From the energy balance equations 

q = m c c PiC ( T c _ 0 - T C1 ) = 0.5 kg / 5. x 4203 J / kg - K (150 - 25 )°C = 2.63 x 1 0 3 W 

a 2.63*10 5 W 
T h,o = T h,i-— = 325°C- — r— — — = 198.6°C. 



m h c p.h 
Hence 

U = q/AAT im 
From Fig. 1 IS. 3. with 



where 



2kg/sxl040J/kg-K 
AT fm =FAT/ m>CF . 



p = V^ = 150-25 = Q _ 42; R= ^ = 325-198.6 = L0L p = {m 



Tj-tj 325-25 



r o 'l 



150-25 



(325 -150) -{198.6 -25) _ , . . .. 
^£m,C¥=- JL V .„ ^=174.3°C. 



in 



Hence 



U = 



325-150 
198.6-25 



2.63xlO :i W 



- = 160 W/txT K. 



AF^Tfm.CF 10m 2 x 0.94* 174.3 C C 

COMMENTS: From the s- NTU method. C c = 2102 W.'K Ch = 2080 W/K (WC mas ) = 1, qin ax = 
6.24 x 10 3 W and s= 0.42. Hence, from Fig. 1 1.14, NTU * 0.75 and U * 156 W/m 2 -K. 
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PROBLEM I1S.2 



KNOWN": Heat exchanger with two shell passes and eight tube passes having an area 925m' ; 45,500 
kg/h water is heated from S0°C to 150°C, hot exhaust gases enter at 35Q°C and exit at 175 a C. 



FEND: Overall heat transfer coefficient. 
SCHEMATIC: 



Two shell and J 
eight tubs J 
passes. 



-.350°C 




Distance 



ASSUMPTIONS : (1) Negligible losses to surroundings, (2) Negligible kinetic and potential energy 
changes. (3) Constant properties, (4) Exhaust gas properties are approximated as those of atmospheric 
air. 

PROPERTIES: Table A-6, Water ( T c = ( 80 - 1 50) D C / 1 = 38SK ) : c £ = c p f = 4236 J/kg-K 

ANALYSIS: The overall heat transfer coefficient follows from Eqs. 1 1 .9 and 1 IS. L written in the 
form 

U = q/AFAT fm=CI 

where F is the correction factor for the HXer configuration. Fig. 1 IS. 2. and AT ( - m is the log mean 
temperature difference (CF), Eqs. 11.15 and 11.16. From Fig. 1 1 S.2, find 

R _ T h , 1 -T M _ (350-175) c C _^ p _ T CQ -T c>i _ (15Q-gQ)°C _ p ^ 
T C , 0 -T C;1 (15Q-80} C C '"' T h _i-T C;1 (35O-S0)°C 

find F ss 0.97. The log-mean temperature difference. Eqs. 11.15 and 11.17, is 

AT, - AT? (350-1 50) °C - (175 - 80) °C 

AT/ mC F = " ^=-^7 ; ^ = 141. PC. 

' fn(AT 1 /AT 2 ) in [(3 50 -150)/ (175 -80)] 

From an overall energy balance on the cold fluid (water), the heat rate is 

q = m c c c (T co -T C;1 ) 

q = 45, 500 kg / h x lh /3600s x 4236 J /kg ■ K (l 50 - 80) °C = 3 .748 x 1 0 6 W. 

2 

Substituting values with A = 925 m , find 

U = 3 .748 x 1 0 6 W / 925m 2 x 0.97 x 141 . 1 K = 29.6 W / m 2 ■ K. < 

COMMENTS: Compare the above result with representative values for air-water exchangers, as 
given m Table 1 1.2. Note that in this exchanger, two shells with eight tube passes, the correction 
factor effect is very small, since F = 0.97. 
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PROBLEM US, 3 



KNOWS: A shell and rube Etser (two shells, four rube passes) heats 10,000 kg/h of pressurized water 
from 35°C to 12D°C with 5,000 kg/h water entering at 300°C. 



FIND: Required heat transfer area, As. 
SCHEMATIC: 

T hi =300°C 

T ej0 -tz(rc 




U-1500Wfm*K 



^ r^ c --m c ^io,oook 9 fh 



ASSUMPTIONS : (L) Negligible heat loss ro surroundings, (2) Constant properties. 
PROPERTIES: Table A-6, Water (T c = 350 K) : c p = 4195 J.'kgK; Table A-6, Water (Assume Tko * 
150°C, T h * 500 K): c p = 4660 JVkg-K. 

ANALYSIS: The rate equation, Eq. 1 1 . 14, can be written m the form 



A s =q/UAT fn 
and from Eq. 11S.1, 

AT to = FAT f 



where 



fn(AT,/AT 2 )" 
From an energy balance on the cold fluid, the heat rate is 

q = m c c p c ( T c 0 - T c : ) = 10 ' 000 kg '' h k 4195 ^—(120 - 35) K = 9.905 x 1 0 5 W. 
c p.c\ c.o c,i) 3600 s/h kg-K v 



(1) 
(2,3) 



From an energy balance on the hot fluid, the outlet temperature is 

T h,o = T h.i " ^ m h c p,h = 300 ° c " 9 - 905 x 1 ° 5 w ' x 4660 J 



3600 



:147 ; C. 



From Fig. 1 1S.2, determine F from values of P and R where P = (120 - 35) c C/(300 - 35)°C = 0.32, R 
= (300 - 147)°C/(120-35)°C = 1.8, and F * 0.97. The log-tneau temperature difference based upon a 
CF arrangement follows from Eq. (3); find 

AT to = [( 300-1 20) - (147 - 35)] K / (n ^""^ = 1 43 .3 K. 

A s =9 905xlO 5 W/1500W/m 2 -KxO.97xl43.3K = 4.75m 2 < 
COMMENTS: (1) Check T b * 500 K uved in property determination; \ = (300 - 147)°C/2 = 497 K. 

(2) Using the NTU-e method, determine first the capacity rate ratio, Cmia/Cmax = 0-5(5. Then 
q *~max (^c.o — T c i ) 1 



£ = 



(120-35)°C 
x- 1 =0.57. 



qma* C mm (T hil -T C;1 )" 0.56 (300-35)^" 
From Fig. 11.13. find :i:ar NTU = AU'C ]ml: ; 1. 1 giving A, = -.7 m" 
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PROBLEM I1S.4 



KNOWN": The shell and tube Hxer {two shells, four tube passes) of Problem 11.14, known to have an 
area 4.75m". provides 95°C water at the cold outlet (rather than 12G°C) after several years of 
operation. Flow rates and inlet temperatures of the fluids remain the same. 



FIND: The fouling factor, Rf. 
SCHEMATIC: 

T hJ =300 a C 
T Cr0 = 95°C 




&m h --50Q0k S lh 
' 55X m^lO.OOOkyfh 



ASSUMPTIONS: (11 Negligible heat loss to surroundings, (21 Constant properties, (3) Thermal 

2 -1 

resistance for the clean condition is Ej = (1500 W.'m -K) . 

PROPERTEES: Table A-6, Water (T c * 338 K): c p = 4187 J/kg-K; Table A-6. Water (Assume z 
190°C, T h * 520 K): c p = 4840 J/kg-K. 

ANALYSIS: The overall heat transfer coefficient can be expressed as 

U = l/(Rf-Rf) or Rf =1/U-Rf (1) 

where E.' is the thermal resistance for the clean condition and Rf , the fouling factor, represents the 

additional resistance due to fouling of the surface. The rate equation. Eq. 1 1.14 with Eq. 1 IS. 1, has 
(lie form, 

U = q/ A s FMf m>CF A W; F = (A^ - AT 2 )/fa(AT 1 / AT 2 ). (2) 

From energy balances on the cold and hot fluids, find 

q = m c c p c f T c _ 0 - T C; i ) = (1 0, 000 / .3600 kg / s) 4 1 87 J / kg - K (95 - 35) K = 6.978 x 10 5 W 

T h.o = T k.i " q > m h c p.h = 300 ° c -6.97&X 10 J W/ (5000 / 3600 kg / s x 4840 J; kg ■ K) = 196.2°C. 
The factor, F : follows from values of P and R as given by Fig. 1 1 S.2 with 

P= (95 -35)/ (300 -35) = 0 23 R = (300 -196), '(120 -35) = 1.22 

giving F -J L Based upon CF arrangement, 

AT /m,CF =[(300-95)-(l96-35)] c C/fn[(300-95)/(l96.2-35)] = 182K. 
Using Eq. (2), find now the overall heat transfer coefficient as 

U = 6.978x10%/ 4.75m 2 xlxl82K = 806 W/m 2 K. 
From Eq. (1), the fouling factor is 

1 1 



Rf 



806 W / m 2 ■ K 1 500 W / m 2 - K 



: 5.74xlO _4 m 2 K/W. 



COMMENTS: Note that the effect of fouling is to nearly double (U c | em 'TJf ou i e< i = 1500/806 ss 1.9) 
the resistance to heat transfer. Note also the assumption for T^.,. used for property evaluation is 
satisfactory. 
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PROBLEM 11S.5 



KNOWN: Flow rate? and inlet temperatures for automobile radiator configured as a cross-flow heat 
exchanger with both fluids unmixed. Overall heat transfer coefficient. 

FEND: (a) Area required to achieve hot fluid (water) outlet temperature, T m o = 330 K. and (b) Outlet 
temperatures, and T ; , 0: as a function of the overall coefficient for the range, 200 <U<400W/m-K 
with the surface area A found m pan (a) with all other heat transfer conditions remaining the same as for 
part (a). 

SCHEMATIC: 



m h - 0.05 kg/s 



T e f = 300 K 
JT! C = 0.7& kg/s 




U = 200 VWm 2 * 



33QK 



ASSUMPTIONS: (1) Negligible heat loss to surrounding, (2) Constant properties. 

PROPERTIES : Table A. 6, Water { \ = 3c" 5 K) : c r * = 4209 J' kg K Table A.4.. Air ( T c ss 3 1 0 K ) : c P . c 
= 1007 J.kg-K. 

ANALYSIS: (a) The required heat transfer rate is 

q = nihcph f T hjl -T hj0 ) = 0.05kg/s(4209J/kg K)70K = 14. 732 W . 

and from an energy balance on the cold fluid. 

T c .o = Tc., - q/m c Cp. c = 300 K+ 14,732 W/(0.75 kg/s 1007 J/kg-K) = 319.5 K 

We will use Eq. 11.14 with. Eq. 11S.1. FromFig 1 IS 3, with P = (T CJD - T CJ ) / (T hl - T t j) = 0 20 and R = 
(T b .j - Th.„y (T ca - T C j) = 3.6\ we find F ~ 0.95. Then. 

, T _ ( T h.i " T c,o) " (Jhjo ~ T c i) 
i: kti.CF" 



= 51.2K 



Thus 



A = q/UFAT lm CF = 14,732 W/ 200 W/m 2 ■ K x 0.95 < 51.2 K= 1.5 m l < 

(b) To solve tliis "performance" problem using the log mean temperature difference method is very 
cumbersome. It requires solving the following equations for the two unknown outlet temperatures (and q). 
where F is also a function of the two outlet temperatures, 



q = m c c p c (T c o -T C1 ) 
1 = dl(: p,liC I ii,i- T h I o) 
q = UAFiT lm CF AT lnL CF = 



( T ii,i- T c.c)-( T h.3- T c,i) 
ln(T t;1 -T c>0 )/(T hi0 -T C:1 ) 



(1) 
(2) 

(3,4) 



Continued. 
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PROBLEM 11S.5 (Cont.) 



One rational approach is to work backward. For a specified value of q. Eqs. (1) and [2) can be used to 
solve for the outlet temperatures. Then F and AT^cf can be determined, and U can be found from Eq. (3). 
In this way. we can generate the following plot. 

353 -i 1 1 1 

2 



3 




■- 



- CadflJd lalO Ten <K> 



With a higher U, the outlet temperature of the hot fluid (w : ater) decreases. A benefit is enhanced heat 
removal from the engine block and a cooler operating temperature. If it is desired to cooL the engine with 
water at 330 K, the heat exchanger surface area and, hence its volume in tlie engine component could be 
reduced. 



COMMENT: This problem is much easier to solve using the e-NTU method, as shown in this IHT 
model. 

/.'" Heat Exchanger Tool - Cross-flow with both fluids unmixed: 

// For the cross-flow, single-pass heat exchanger with both fluids unmixed. 

eps = 1 - exrt[1 I Crj ' iNTU"'D.22: ' iexp{-Cr * NTUTJ.78) - 1)) II Eq 1 i .32 

// where the heat- capacity ratio is 

Cr = Cmin / Cmax 

// and the number of transfer units, NTU, is 
NTU = U * A I Cmin II Eq 1 1 .24 

// The effectiveness is defined as 
eps = q I qniax 

qniax = Cmin * (Thi - Tei) It Eq 1 1 18, 11.19 

II See Tables 1 1.3 and 1 1 .4 and Fig 1 1 .14 
//Overall Energy Balances or Fluids: 
q = nwloth * cph * (Thi - Tho) 
q = mdotc * epe * (Tco - Tci) 
//Assigned Variables: 

Cmin = Ch // Capacity rate, minimum fluid. 'NIK 

Ch = mdoth ' cph // Capacity rate, hot fluid, VWK 

n-dotn = 0 .05 // Flow rate, hot fluid , kg/s 

Thi = 400 // Inlet temperature, hot fluid. K 

Tho = 33D //Outlet temperature . hot fluid , K; specified for part (a) 

Cmax. = Cc // Capacity rate, maximum fluid. WK 

Cc = mdotc * epe // Capac ty rale co d fluid. W/K 

nudotc = D.75 // Flow rate, cold fluid, kg/s 

Td = 3DD // Inlet temperature, cold fluid, K 

U = 2uu // Overall coefficient. W/m*2.K 

// Properties Tool - Water (hj 

// Water prooerty functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xh = 0 //Quality i'0=sat I iquid or 1 =sat vapor) 

rhoh = rho_TsCWater",Tmh.xh) // Density, kg/m"3 

cph = cp_Tx(" Water", Tmh.xh) II Specific heat, Jkg-K 

Tmh = Tfluid_avg(Thi,Tho ) 

// Properties Tool - Air(c) 

// Air property functions : From Table A. 4 

// Units: T(K}; 1 atm pressure 

rhoc = rho_T("Air ,Tmc) II Dens ty. kgfm f 3 

epe = cp_TfAir",Tmc) // Specific heat, Jkg-K 

Tmc = THuid_avgiTci,Tco) 
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PROBLEM 11S.6 

KNOWN: Single pass, cross-flow heat exchanger with hot exhaust gases (mixed) to heat water 
(unmixed) 

FIND: Required surface area. 
SCHEMATIC: 



Cold water. 
U - ZBOWfafiK 



A- i £xhatLsih gases 



m 



%^t^h^/> = zee 



ASSUMPTIONS: (L) Negligible heat Loss to surroundings, (2) Negligible kinetic and potential 
energy changes, (3) Exhaust gas properties assumed to be those of air. 

PROPERTIES: Table A-6, Water ( T c = (SO + 3G)°C/2 = 328 K): c p = 41 84 X'kg-K: Table A-4, Air 
(1 atm, \ = (100 + 225)°C/2 = 436 K): c p = 1019 J/kg K 

ANALYSIS: The rate equation for the heat exchanger follows from Eqs. 11.14 and 1 IS. 1 . The area 
is given as 

A = q / UAT fm = q/LTAT/ m cF 



where F is determined from Fig. 1 IS. 4 using 

80-30 >t-s_ inn 

P= =0 26 and R= — ■ 1W =2.50 giving F*0.92. 

225-30 80-30 

From an energy 7 balance on the cold fluid, find 

q = iii e c c (T C0 - icl 



ks J 
T r ,'| =3^x4184^— 
s kg-K 



(SO- 30) K = 627,600 W. 



From Eq. 11.15. the LMTD for counter-flow conditions is 

ATi-AT 2 (225-80)-<100-30) 



AT, 



/m,CF 



fn( AT; AT 2 ) 



fn(145/70) 



=C = 103.0=C. 



(1) 

(2) 

(3) 
(4) 



Substituting numerical values resulting from Eqs. (2-4) into Eq. (1), find the required surface area to 
be 

A = 627,600 W / 200W / m 2 - K x 0.92 x 1 03.0K = 33. 1 m 2 . < 

COMMENTS: Note that tlie properties of the exhaust gases were not needed m this method of 
analysis. If the e-NTU method were used, find first CvC c — 0.40 with C miTi — Ch — 5021 W/K. From 
Eqs. 1 1.18 and 11.19, with C h = C^, e = q/ W = (T^j. - T^J/fT^ - T c .j) = (225 - 100).'(225 - 30) 
= 0.64. Using Fig. 1 1. 15 with C^/C^ = 0.4 and e = 0.64, find NTU = UA/C^ * 1 .4. Hence, 

A = NTU ■ C uim /U * 1.4* 5021 W/K/ 200 W ■■■ m 2 ■ K = 35.2m 2 . 
Note agreement with above result. 
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PROBLEM 11S.7 

KNOWN: Conditions of oil and water for heat exchanger, one shell with 4 tube passes. 

F1XD: Length of exchanger mbes per pas;. L; and (b) Compute and plot the effectiveness, s. fluid outlet 
temperatures. T%, and T c , 0 . and water-side convection coefficient, l^ , as a function of the water flow rate 
for 5000 < m c £ 1 5,000 kg / h for the tube length found in part (a) with all other conditions remaining 
the same. 



SCHEMATIC: 



T h i = 160 °C 



Brass tubes. L 



1 1 tubes, D- t = 22.9 mm >. 
D Q - 25.4 mm, 4 passes, I 
h. = 400 W/m 2 *K J 




Hxer: single shell, 4 tube passes 



T ,= 16 °C 



m c - 10,000 kg/h 
Watery 



r c , o = 84 0 C 



= 94°C 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Frilly- developed 
flow in tubes. 

PROPERTIES: Table A-l, Brass (400 K): k = 137 W/ra-K; Table A 5, Water (323 K): p= 998.1 
kg/m 3 , k = 0.643 W/m-K, c ? = 4 1 82 J/kg-K, u = 54E >: 1 0" 6 N-s/m 2 , Pr = 3.56. 

ANALYSIS: (a) From an energy balance on the water, the heat rate required is 

q = m c c c (T c 0 - T c A ) = 1 0, OO0/3 600 kg/s x 4 1 82 j/kg - K ( 84 - 1 6 )° C = 789. 93 3 \V . (1 ) 

Tlie required tube length may be obtained from Eqs. 1 1.14 and 11.15. 

q = U 0 A 0 FAT A ^ CF (2) 

AT/ m CF = [(160-84)° C - (94 - 1 6 }° C j ■■' (a ( (1 60 - 84)/(94 - 16) ) = 77.0°C . 

From Fig. 1 1S.L F = 0.86 using P = (84 - 16)/(160 - 16) = 0.47 and R = (160 - 94)/(S4 - 16) = 0.97. From 
Eq. 11.5, 

-1 



h 0 k q q h; 



where h must be estimated from the appropriate correlation. WithN = 11, the number of tubes, 
4m/N 4 x (10. 000/3600 )kg/s/(ll) 



Re T 



nDfi 



xx 22.9x10 3 mx 548x10 6 N-s/r 



- = 25,621. 



For fully developed turbulent flow, the Dittus-Boelter correlation with n = 0.4 vields 
Nu D =hiD/k = 0.023R«D 8 Pr 04 = 0. 023(25, 62l) 0S (3.56)° 4 = 128.6 



= Nu D (k/D) = 128.6x 0.643 w/ m- 22.9>: 10 3 111} = 3610 W'/ m" X 



Continued.. 
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PROBLEM 11S.7 (Cont.) 

1 25.4xl0 _3 m , 25.4 25.4 L 1 1 ,„„,/ 2 „ 

U- = ; in + x , = 355W/m -K. 

|_400W/m 2 K 2xl37W/m-K 22.9 22.9 3 610w/m 2 -Kj 
Returning now to Eq. (2Y find Ao, then the length, 

A c =ffD 0 LxNo.of PassesxNo.of Tubes = x x 25.4 x 10 _3 in x4x 1 1L = 3.51 1 L 

L = 789, 933 w/3 .51 1 mx 355 w/m 2 - K x 0.S6 x 77.0 s C = 9.6 m < 

(b) Using the IHT Heat Exchanger Too], Shell and Tube, One-shell pass and Ntube passes, the 
Correlation Toot, Forced Convection, Internal Flow for Turbident, fuiiy developed condition., and the 
Properties Too! for Water a model was developed using the effectiveness - NTU method to compute and 
plot T f o , T]!„ , s. and hj as a function of m c . 




KflO 1KCC 1K0D 

Cold flow rate, nd™ (fcs'ti) 



-»- "ho [C< 

—ft— iKi " 1C--2 rW/m*2.Ki 

In order to avoid a boiling condition in the cold fluid, the cold flow rate should not be less than S00O 
kg/li. As expected. T c . 0 and Th s decrease and the internal convection coefficient increases nearly linearly 
with increasing flow rate. Hie effectiveness increases with increasing flow rate since the overall 
convection coefficient is increasing. 

COMMENTS: (1) The thermal resistance of the brass tubes is negligible. Since LB, = 400, fully- 
developed conditions are reasonable. 

(2) In the analysis of part (b). you have to specify the capacity rate for the hot fluid in order to solve the 
model. From the analysis of part (a) using the model, we found L = 9.56" m and O, = 11.974 W.-'X. 
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PROBLEM US. 8 



KNOWN: Power output and efficiency-' of an ocean energy conversion system. Temperatures and 
overall heat transfer coefficient of shell-and-tube evaporator. 

FEVD: (a) Evaporator area, (b) Water flow rate. 

SCHEMATIC: 



One iW/ 
and tvta 
tube passes 



T+ 



T hn -Z9ZK 



U=l200Wfm*-K 



ASSUMPTIONS : (L) Negligible heat loss to surroundings, (2) Constant properties. 
PROPERTIES: Table A-6, Water (T m = 29<5 K): c p = 41B1 X'kg-K. 
ANALYSIS: (a) Tlie efficiency is 

W 2.MW 

n= — = 

q q 



= 0.03. 



Hence the required heat transfer rate is 
2MW 



0.03 



= 66.7MW. 



Also 



(300 -290)- (292- 290) °C 



in 



300-2.90 



292-290 

and. with P = 0 and R = x, from Fig. 1 1 S. 1 it follows that F = 1 . Hence 
q 6 67xl0 7 W 



UFAT (m CF 1200 W/ m 1 - K x 1 x 5 C C 

A = 11, 100 m 2 . 
(b) The water flow rate through the evaporator is 



m h : 



6.67 k 10' W 



-p.k(lh.i-'-h.ol 4181 J/kg-K(300-292) 



m], =1994 kg /s. < 

COMMENTS: (1) From the s-NTU method, (C^/C^ = 0, q^ = 8.34 x 10 7 W, e = 0.80 and 

from Fig. 11.12. NTU a 1.65, giving A = 1 1.500 m~. (2) The required heat exchanger size is enormous 
due to the small temperature differences involved. 
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PROBLEM US. 9 
KNOWN: Shell- and-tube heat exchanger with one shell pass and 20 tube passes. 
FIND: Average convection coefficient for the outer tube surface. 
SCHEMATIC: 



20 passes, i=Z*i M> jS^Anfe 

D, -20 mm ~£p*37& 




ASSUMPTIONS : (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Type of orl 
not specified, (4) Thermal resistance of tubes negligible; no fouling. 

PROPERTIES: Table A-6, Water liquid ( T h = 330 K): c p = 41 S4 J/kg-K, k = 0.650 W/m-K, Lt = 
489 x 10~ S N-5/m 2 , Pr = 3.15. 

ANALYSIS: To find the average coefficient for the outer tube surface, h®, we need to evaluate hj for 
the internal tube flow and U, the overall coefficient. FromEq. 1 1.5, 

1 1 



-+- 



J_._!_[J_ + _!_1 

3 A 0 NjjLmD, h 0 D 0 J 



(1) 



UA h^i h 0 A 0 N t JjrL| h 1 D l h 0 D 0 
where N t is the total number of tubes. Solving for ho, 
r 

h 0 = Do 1 ^(UA)~ 1 N t JrL-l/h i D|J ■ 

Evaluate lij from an appropriate correlation: begin by calculating the Reynolds number 

4 tnu 4 *0.2 kg/ s 

Re D j = — A = =-= = 26, 038. 

ttD^i , T (O.Q2Qm)489xlO °N -s/in- 

Hence, flow is turbulent and since L » Di, the flow is likely to be fully developed. Use the Dittus- 
Boelter correlation with n = 0.3 since T 3 < T^, Nurj = 0.023 Rep 5 Pr° 3 

= k = 0.650 W/m-K ( S) 4/5 (3.15) 0 - 3 = 3594 W/m 2 -K_ (2) 

1 D u 0.020m 
To evaluate UA, we need to employ the rate equation, written as 

UA = q/FAT fffliCF ' " (3) 

where q = m h c p h (T h ; - T^ 0 ) =0.2 kg/s x 4184 J/kg-K (87-27)°C = 50,208 W and A l (m CF = [A 

Ti - A T 2 y (a (A Ti/A T 2 ) = [(87 - 37) - (27 - 7)]°Q7ii [(87 - 37y(27 - 7)] = 32.7 D C. Find F * 0.5 
using Fig. 1 IS. 1 with P = {27 - 87)/{7 - 87) = 0.75 and R = (7 - 37)/(27 - 87) = 0.50. Substituting 
numerical values in Eqs. (3) and (1), find 

UA = 50,208 W/0.5x32.7°C = 3071 W/K (4) 

k 0 = ( 0.024m f 1 [j 3 0 7 1 W .' K f 1 x 20 x x x 3m - 1 / 3 J94 W ■ in 2 - K x 0.020m J 1 = S7 S W / m 2 ■ K. < 

COMMENTS: Using the e-NTU method: find C^ and C c to obtain C r = 0.5 and s = 0.75. From Eq. 
1 1 .30b.c find NTU = 3.44 and UA = 2881 W/K. 
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PROBLEM US. 10 



KNOWN: Flow rates and inlet temperatures of exhaust gases and combustion air used 111 a cross-flow 
(one fluid mixed) heat exchanger. Overall hear transfer coefficient. Desired air outlet temperature. 

FIND : Required heat exchanger surface area . 

SCHEMATIC: 



^xhau^t gases 
™fj =lSkg}s 



Cross ftew hxer, 
sit" irtixerf, 

U = 10OW/*,*-K 



ASSUMPTIONS: (1) Steady-state conditions. (2) Negligible heat loss to surroundings, (3) Constant 
properties, (4) Gas properties are those of air. 

PROPERTIES: Table A-4, Air (T m * 700 K, 1 atm): c p = 1075 JVkg K. 
ANALYSIS : From Eqs. 1 1 .6 and 1 1 . 7, 



T hiO =T h .i--^^^(^. o -T c .i) = 1100K-^^(830-300)K = 733K. 
mi, c„h ' 1 D kg / a 



m h c p.h 
From Eqs. LI. 15, 11.17 and L1S.1, 

( T h,i- T c,o)-(. T h.o- T c,i) 



lQkg/s, 
kg/ 



iT fm = F 



= F 250 - 433 , = Fx333iL 



^[(Th,-T c , 0 )/(T hi0 -T, 1 )]" fn(250/433) 



From Fig. 1 IS A. with R= (300 - 850)/{733 - 1 100) = 1.50 and P = (733 - 1100)/(300 - 1100) = 0.46, 
F*0.73. With 

q = H c p,h ( T h.i " T h.o ) = 1 5 k S 1 s x 1075 J /k S ' K (367K) = 5 .92 x 10 6 W 
it follows from Eq. 11. 14 that 



5.92 ■ 10 6 W 



:243 m" 



lOOW/m 2 Kx0.73(333K) 
COMMENTS: Using the effectiveness-NTU method, from Eq. 1 1 .21 
T c,o- T c.i _ (850- 300) K 



5 = - 



T h,i- T c,i (11 00- 300) K 



■ = 0.688. 



Hence, with C^^/Cu 



! = C c /C h = 0.67. Fig. 11.15 gives NTU == 2.3. From Eq. 1 1 .24, 



A = NTU^ * 2.3 10kg/5Kl075 / /kg - K * 247m 3 . 



U 



100 W/i 
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PROBLEM 11S.11 

KNOWN: Flow rate, specific heat and inlet temperature of gas in cross-flow heat exchanger. Flow 
rate and temperature of water which enters as saturated liquid and leaves as saturated vapor. Number 
of tubes, tube diameter and overall heat transfer coefficient. 

FES'D: Required tube length. 

sche:\iattc: 



T C>I = 450K~ 



^lOkgfs, T hj =I400K t c p>h ^ltZ0J/k 9 K 



-r> 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant gas specific lieat. 
PROPERTIES: Table A-6, Saturated Water. (T = 450 K): hf g = 2.024 xlO 6 J/kg. 
ANALYSIS: The heat transfer rate can be found from considering the cold fluid, 

q = m <: h f g = 3 kg/s x 2.024 x 10 s Pkg = 6.072 x io S W 
Then an energy balance on the hot fluid yields 

T h.o = T h.i -q /n Vp.h= 1400 K-6.072 x W 6 W/10 kg/? x L120 J/kg -K = 857.9 K 

FromEqs. 11.15 and 11.17, 

AT = ^h.i-\, 0 )-(\o-\i) = (1400 -450) K- (357.9- 450) K = 
lm ^ CF ln[(T M -T C . 0 )K\ 0 -T c4 ))] ln[(1400-450) K/{857.9 -450) K] 



From Fig. 1 1 S.4, with P = (T Ci(J -T t ■KTm - T ci ) = 0, find F = L thus 

A* = qOJAT^ CF = 6.072 x 10 6 W/50 Win 2 - K x 641 K= 189 m 2 



L = Aj/NniDf. = 189 m75DQ »ix 0.025 m = 4.8 m 
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PROBLEM 12.1 

KNOWN: Rate at which radiation is intercepted by each of three surfaces (see (Example 12.1). 

2 

FIND: Irradiation, G[W/m ], at each of the three surfaces. 
SCHEMATIC: 

Tjsi-ty -from A ±J 
1= 7000 W/m* ■ sr } diffuse emitter 

ANALYSIS: The irradiation at a surface is the rate at which radiation is incident on a surface per unit 
area of the surface. The irradiation at surface j due to emission from surface 1 is 

Gj =5H. 

J A • 

-3 2 

With Ai = A2 = A3 = A4 = 10 m and the incident radiation rates qi_j from the results of Example 
12.1, find 

_ 12.1xlO" 3 W 101W/ 2 ^ 
G 2 = ~ — ~ — = 12.1 W/m < 

10~ 3 m 2 

28.0xl0" 3 W 000 „ r; 2 ^ 
G 3 = — - — = 28.0W/m z < 

10" 3 m 2 

G4 = 19.8xl0- 3 W =198w/m2 K 
10" 3 m 2 

COMMENTS: The irradiation could also be computed from Eq. 12.13, which, for the present 
situation, takes the form 

G j = I1 cos 6>j co\ _ j 

2 

where Ij = I = 7000 W/m -sr and coi.j is the solid angle subtended by surface 1 with respect to j. For 
example, 

G 2 =Iicos6> 2 »i-2 
G 2 =7000 W/m 2 -srx 

. no 10" 3 m 2 xcos60° 
cos 30 



(0.5m) 2 



G 2 =12.1 W/m 2 . 



Note that, since Ai is a diffuse radiator, the intensity I is independent of direction. 
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PROBLEM 12.2 



KNOWN: A diffuse surface of area Ai = 10" 4 m 2 emits diffusely with total emissive power E = 5 x 10 4 
W/m 2 . 

FIND: (a) Rate this emission is intercepted by small surface of area A 2 = 5 x 10" 4 m 2 at a prescribed 
location and orientation, (b) Irradiation G2 on A 2 , and (c) Compute and plot G 2 as a function of the 
separation distance r 2 for the range 0.25 < r 2 < 1.0 m for zenith angles 0 2 = 0, 30 and 60°. 



SCHEMATIC: 



A* = 10" 4 m 2 
E\ = 5x10 4 W/m 2 




A 2 = 5x1 0" 4 m 2 



e 2 = 30° 



r 2 = 0.5 m 



9 1 = 60° 



ASSUMPTIONS: (1) Surface A] emits diffusely, (2) A[ may be approximated as a differential surface 
area and that A 2 /r^ <K ^- 

ANALYSIS: (a) The rate at which emission from Ai is intercepted by A 2 follows from Eq. 12.6 written 
on a total rather than spectral basis. 

qi^2 =Ie,l(0,0)AiCOS^dfi>2_i. (1) 
Since the surface Ai is diffuse, it follows from Eq. 12.1 1 that 

ie,l(M = ie,l=EiAr . (2) 

The solid angle subtended by A 2 with respect to Ai is 



dco 2 -i « A 2 -cos#2/r 2 • 
Substituting Eqs. (2) and (3) into Eq. (1) with numerical values gives 



qi^2 



71 



■ Aj cos (9j • 



A 2 cos6> 2 _ 5x10 W/m' 



2 
r 2 



-5 2 



10~^m 2 x cos 60° I x 



5x10 ^m 2 xcos30 c 



(0.5m)' 



qi_>2 = 15,915 W/ m 2 srx(5xl0 5 m 2 1x1.732x10 3 sr = 1.378xl0 3 W. 



(3) 

ST (4) 

< 



(b) From section 12.2.3, the irradiation is the rate at which radiation is incident upon the surface per unit 
surface area, 



qi _o 1.378x10 J W / 7 

G 2 = = = 2.76 W/m 7 

A 2 5x10 m 2 



(5)< 



(c) Using the IHT workspace with the foregoing equations, the G 2 was computed as a function of the 
separation distance for selected zenith angles. The results are plotted below. 



Continued... 
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PROBLEM 12.2 (Cont.) 




o -| — I — I — I — | — I — I — I — | — I — I — I — | — I — pq=| 

0.2 0.4 0.6 0.8 1 

Separation distance, r2 (m) 

theta2 = 0 deg 

— e— theta2 = 30 deg 
—a— theta2 = 60 deg 

For all zenith angles, G2 decreases with increasing separation distance r 2 . From Eq. (3), note that dco 2 _i 
and, hence G2, vary inversely as the square of the separation distance. For any fixed separation distance, 
G 2 is a maximum when 9 2 = 0° and decreases with increasing 9 2 , proportional to cos 0 2 . 

COMMENTS: (1) For a diffuse surface, the intensity, I e , is independent of direction and related to the 
emissive power as I e = E/ jr. Note that jr has the units of [sr] in this relation. 

(2) Note that Eq. 12.7 is an important relation for determining the radiant power leaving a surface in a 
prescribed manner. It has been used here on a total rather than spectral basis. 

(3) Returning to part (b) and referring to Figure 12.9, the irradiation on A 2 may be expressed as 

AjCOS^ 

G 2 =li,2cos02 9 
4 

2 

Show that the result is G2 = 2.76 W/m . Explain how this expression follows from Eq. (12.13). 
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PROBLEM 12.3 



KNOWN: Intensity and area of a diffuse emitter. Area and rotational frequency of a second surface, 
as well as its distance from and orientation relative to the diffuse emitter. 

FIND: Energy intercepted by the second surface during a complete rotation. 

SCHEMATIC: 




l e = 100 W/m 2 -sr 

-> 

r = 0.5 m 



05 02 = 2 rad/s 

I 



A-i = 10" 4 m 2 



A 2 = 10" 4 m 2 




ASSUMPTIONS: (1) Ai and A2 may be approximated as differentially small surfaces, (2) Ai is a 
diffuse emitter. 

ANALYSIS: From Eq. 12.7, the rate at which radiation emitted by Ai is intercepted by A2 is 
qi-2 = !e A l cos 0\ <°2-\ = !e A l ( A 2 cos &l I r2 ) 



where 6\ = 0 and &i changes continuously with time. The amount of energy intercepted by both sides 
of A2 during one rotation, AE, may be grouped into four equivalent parcels, each corresponding to 
rotation over an angular domain of 0 < 62 < ti/2. Hence, with dt = AO21 0 2 , the radiant energy 
intercepted over the period T of one revolution is 



AE = J T qdt = 



4I e Ai 



0l 



4I e Ai rA 2 ^ 

lr 2 y 



02 



sin 02 



kI2 
0 



AE = 



4x100 W/m 2 -srxl0" 4 m 2 
2 rad / s 



10- 4 m 2 
(0.50m) 2 



sr = 8xl0~°J 



COMMENTS: The maximum rate at which A2 intercepts radiation corresponds to 0i = 0 and is q max 
= I e Ai A 2 /r 2 = 4 x 10" 6 W. The period of rotation is T = 2n/0 2 = 3-14 s. 
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PROBLEM 12.4 



KNOWN: Furnace with prescribed aperture and emissive power. 

FIND: (a) Position of gauge such that irradiation is G = 1000 W/m 2 , (b) Irradiation when gauge is tilted 
0 d = 20°, and (c) Compute and plot the gage irradiation, G, as a function of the separation distance, L, for 
the range 100 < L < 300 mm and tilt angles of 0 d = 0, 20, and 60°. 



SCHEMATIC: 



Furnace aperture, A f 





Detector, 

A d = 1.6x10" 5 m 2 



E = 3.72x1 0 5 W/m 2 L Irradiation, 

D = 20mm G= 1000 W/m 2 

ASSUMPTIONS: (1) Furnace aperture emits diffusely, (2)A d «L 2 . 

ANALYSIS: (a) The irradiation on the detector area is defined as the power incident on the surface per 
unit area of the surface. That is 

G = q f _ >d /A d q fH>d = I e A f cos6> f 0) d _ f (1,2) 

where qf _>. d is the radiant power which leaves A f and is intercepted by A d . From Eqs. 12.2 and 12.7, 

&>d-f is the solid angle subtended by surface A d with respect to A f , 

(3) 
(4) 



ft> d _f = A d cos 0ft I L . 
Noting that since the aperture emits diffusely, I e = E/n (see Eq. 12.12), and hence 

G = (E/n) A f cos Of {h A cos 0 d /h 2 J ^Aj 
Solving for L 2 and substituting for the condition 6f = 0° and 0 d = 0°, 



L = E cos Of cos 0 d Af / nG . 



(5) 



L = 



3.72 x 10 5 w/m 2 x — (20 x 10 3 ) 2 m 2 1 n x 1000 w/ m 2 



il/2 



= 193 mm. 



(b) When 0 d = 20°, qf_>. d will be reduced by a factor of cos 0 d since ro d -f is reduced by a factor cos 0 d . 
Hence, 

G = 1000 W/m 2 x cos 0 d = 1000W/m 2 x cos 20° = 940 W/m 2 . < 

(c) Using the IHT workspace with Eq. (4), G is computed and plotted as a function of L for selected 0 d . 
Note that G decreases inversely as L 2 . As expected, G decreases with increasing 0 d and in the limit, 
approaches zero as 0 d approaches 90°. 

3000 



2000 



1000 




100 



200 

Separation distance, L (mm) 



300 



thetad = 0 deg 
thetad = 20 deg 
thetad = 60 deg 
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PROBLEM 12.5 

5 2 

KNOWN: Radiation from a diffuse radiant source A\ with intensity Ij = 1.2 x 10 W/m -sr is 
incident on a mirror A m , which reflects radiation onto the radiation detector A2. 

FIND: (a) Radiant power incident on A m due to emission from the source, A\, qi-» m (mW), (b) 

2 

Intensity of radiant power leaving the perfectly reflecting, diffuse mirror A m , I m (W/m -sr), and (c) 

Radiant power incident on the detector A2 due to the reflected radiation leaving A m , q m _>2 (^W), (d) 

Plot the radiant power q m ->2 a $ a function of the lateral separation distance y Q for the range 0 < y 0 < 
0.2 m; explain features of the resulting curve. 

SCHEMATIC: 



y(m) I 
y o = 0.1 \k 



Ai 



Screen 



A 2 

e 2 V' 



A-i =A 2 = 1x10" 4 m 2 
A m =2A 2 



x n = 0.1 



— > x (m) 



U = 0.2 



ASSUMPTIONS: (1) Surface Ai emits diffusely, (2) Surface A m does not emit, but reflects perfectly 
and diffusely, and (3) Surface areas are much smaller than the square of their separation distances. 

ANALYSIS: (a) The radiant power leaving Ai that is incident on A m is 

qi^m = I r A r cos #r A «m-i 

where co m .i is the solid angle A m subtends with respect to A\, Eq. 12.2, 



a dA n 
A»m-1 S ^T- 



A m cos 6> m 
2 2 

4+yz 



2xl0" 4 m 2 -cos 45° 



0.1 2 +0.1 2 



= 7.07 x 10 0 sr 



m 



with 6 m = 9O°-0i and 6\ = 45° , 



qi^ m = 1.2xl0 5 W/m 2 -srxlxlO" 4 m 2 xcos 45°x7.07 x 10" 3 sr = 60 mW 
(b) The intensity of radiation leaving A m , after perfect and diffuse reflection, is 



I m = (qi^m/ A m)/^ : 



60x10 J W 
7rx2x 10" 4 m 2 



95.5 W/rri -sr 



(c) The radiant power leaving A m due to reflected radiation leaving A m is 
q m ^2 =q2 =I m- A m-cos 8 m -Aco 2 - m 

where Aa)2- m i s the solid angle that A2 subtends with respect to A m , Eq. 12.2, 



Continued 
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PROBLEM 12.5 (Cont.) 



Aa> 2 - 



- dA n _ 



m 



A 2 cos 0 2 1 x 10 4 m 2 x cos 45° „_„ ,„_3 

= 3.54 x 10 J sr 



2 / T \2 2 

r ( L o- x o) +Yo 



0.1 2 +0.1 2 



m 



with 02 = 90° - 6k 



q m ^2 = °li = 95.5 W/m 2 • sr x 2 x 10~ 4 m 2 x cos 45° x 3.54 x 1(T sr = 47.8 uW < 



(d) Using the foregoing equations in the IHT workspace, q 2 is calculated and plotted as a function of 
y Q for the range 0 < y 0 < 0.2 m. 



Emitted power from A1 reflected from Am onto A2 



5 

cr 




o Y- — I 1 1 1 1 1 1 

0 0.05 0.1 0.15 0.2 

yo (m) 



From the relations, note that q2 is dependent upon the geometric arrangement of the surfaces in the 
following manner. For small values of y 0 , that is, when 01 « 0°, the cos 0i term is at a maximum, near 
unity. But, the solid angles Aco m _i and Aco2-m are very small. As y 0 increases, the cos 0j term doesn't 
diminish as much as the solid angles increase, causing q2 to increase. A maximum in the power is 
reached as the cos 0i term decreases and the solid angles increase. The maximum radiant power 
occurs when y G = 0.058 m which corresponds to 0i = 30°. 
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PROBLEM 12.6 

KNOWN: Flux and intensity of direct and diffuse components, respectively, of solar irradiation. 

FIND: Total irradiation. 

SCHEMATIC: 



J 

. — * 


177 








I dif = 70W/m*sr 



ANALYSIS: Since the irradiation is based on the actual surface area, the contribution due to the 
direct solar radiation is 

G dir =qdir - cos #- 
From Eq. 12.17 the contribution due to the diffuse radiation is 

G dif =^ rI dif • 

Hence 

G = G dir + G dif = q dir • cos 0 + x\ M 



or 



G = 1000W/m 2 x0.866 + ^srx70W/m 2 -sr 



G=(866 + 220)W/m : 



or 



G = 1086 W/m z . 

COMMENTS: Although a diffuse approximation is often made for the non-direct component of 
solar radiation, the actual directional distribution deviates from this condition, providing larger 
intensities at angles close to the direct beam. 
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PROBLEM 12.7 

7 2 

KNOWN: Daytime solar radiation conditions with direct solar intensity I^ir = 2.10 x 10 W/m -sr 
within the solid angle subtended with respect to the earth, Acos = 6.74 x 10 sr, and diffuse intensity 
I dif =70 W/m 2 -sr. 



FIND: (a) Total solar irradiation at the earth's surface when the direct radiation is incident at 30°, and 

9 

(b) Verify the prescribed value of Acos recognizing that the diameter of the earth is Dg = 1.39 x 10 m, 
and the distance between the sun and the earth is r e _s = 1.496 x 10 m (1 astronomical unit). 



SCHEMATIC: 



l d i ir = 2.10x10 7 W/m 2 -sr \ 



A cos = 6.74x1 0 5 sr 




l dif = 70 W/m 2 -sr 



ANALYSIS: (a) From Eq. 12.17 the diffuse irradiation is 

G dif =xl d if = ;rsrx70W/m 2 -sr = 220W/m 2 
The direct irradiation follows from Eq. 12.13, expressed in terms of the solid angle 
Gdir =Idir c o s ^ A ^S 

G dir = 2.10xl0 7 W/m 2 -srxcos 30°x6.74 x 10" 5 sr = 1226 W/m 2 
The total solar irradiation is the sum of the diffuse and direct components, 
G s =G dif +G dir =(220 + 1 226)W/m 2 =1446 W/m 2 

(b) The solid angle the sun subtends with respect to the earth is calculated from Eq. 12.2, 
dA n _^Di/4_4 39xl ° 9 m f /4 



r e-S (1.496X10 11 mV 



6.74 x 10 J sr 



where dA n is the projected area of the sun and r e .§, the distance between the earth and sun. We are 

2 2 
assuming that r e .§ » D§ . 

COMMENTS: Can you verify that the direct solar intensity, I^ir, is a reasonable value, assuming that 
the solar disk emits as a black body at 5800 K? fl b>s = rfTjj / n = ct(5800 K) 4 / n 
7 2 \ 

= 2.04x10 W/m -sr). Because of local cloud formations, it is possible to have an appreciable 

diffuse component. But it is not likely to have such a high direct component as given in the problem 
statement. 
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PROBLEM 12.8 



KNOWN: Directional distribution of solar radiation intensity incident at earth's surface on an 
overcast day. 

FIND: Solar irradiation at earth's surface. 
SCHEMATIC: 



7) 



/ 



Ti=I„ COS& 

I„ = 80Wlm*-sr 




ASSUMPTIONS: (1) Intensity is independent of azimuthal angle 0. 
ANALYSIS: Applying Eq. 12.15 to the total intensity 
•2n rnll 



G=\* \" Ii(#)cos#sin#d#d^ 



G = 2;rl n r /2 cos 2 ^sin^d^ 



G = (2;rsr)x80W/m 2 -sr 



--cos 3 # 
3 



nil 
0 



G = -167.6W/m z -sr 
G=167.6W/m 2 . 



3 n 3 n 
cos cos 0 

2 
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PROBLEM 12.9 

KNOWN: Emissive power of a diffuse surface. 

FIND: Fraction of emissive power that leaves surface in the directions n/4 < 0 < n/2 and 0 < § < n. 
SCHEMATIC: 




0=0 



Diffuse emitting surface 



ASSUMPTIONS: (1) Diffuse emitting surface. 

ANALYSIS: According to Eq. 12.10, the total, hemispherical emissive power is 

E = j 0 °° ^ \l' 2 I A>e (A,(9^)cos(9sin(9d(9d^cU. 

For a diffuse surface I^ e (X, 0, is independent of direction, and as given by Eq. 12.12, 
E = 7rl e . 

The emissive power, which has directions prescribed by the limits on 0 and ((), is 
AE = J 0 °°I /l , e (/l)dA \ n Q d(/> 0 4 2 cos0sin0d0 

2 "it/2 

AE = IeMjx ELl =I e W[l(l-0.707 2 ) 



AE = 0.25^-I e . 
It follows that 

AE _ 0.25^ 1, 
E 71 l t 

COMMENTS: The diffuse surface is an important concept in radiation heat transfer, and the 
directional independence of the intensity should be noted. 



^ = 0.25. 
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PROBLEM 12.10 



KNOWN: Spectral distribution of E^ for a diffuse surface. 

FIND: (a) Total emissive power E, (b) Total intensity associated with directions 0 = 0° and G 
and (c) Fraction of emissive power leaving the surface in directions n/4 < 0 < n/2. 

SCHEMATIC: 



= 30°, 



(W/m 2 .nm) 



200 



100 



0 

ASSUMPTIONS: (1) Diffuse emission. 
ANALYSIS: (a) FromEq. 12.9 it follows that 



10 



15 



20 



A.(|am) 



E = J* E A (A) dA = J o 5 (0) dA + J 5 10 (100) dA + \^ (200) dA + \^ (100) dA + g (0) dA 

E = 100 W/m 2 -iim (10 - 5) urn + 200W/m 2 -urn (15 - 10) urn + 100 W/m 2 -urn (20-15) urn 
E = 2000 W/m 2 < 

(b) For a diffuse emitter, I e is independent of 0 and Eq. 12. 12 gives 

_ E _ 2000 w/m 2 

I e =637 w/m 2 - sr 

(c) Since the surface is diffuse, use Eqs. 12.8 and 12.12, 

c7.7i rTilT. 

E(x/4^x/2) _ } Q j^4 I e cos^sin^d^d^ 
E n\ P 



r7l/2. r2.7l 

E(x/4^x/2) J^ /4 cos ^ sin6>d6 'Jo d 0 1 



71 



IT 



sin 



nil 



nl4 



E(7i/4 -> njT) _ 1 
E n 



-(l 2 -0.707 2 )(2;r-0) 
2 



= 0.50 



2k 
0 



COMMENTS: (1) Note how a spectral integration may be performed in parts. 

(2) In performing the integration of part (c), recognize the significance of the diffuse emission 
assumption for which the intensity is uniform in all directions. 
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PROBLEM 12.11 



KNOWN: Diffuse surface AA D , 5-mm square, with total emissive power E Q = 4000 W/m 2 . 

FIND: (a) Rate at which radiant energy is emitted by AA D , q emit ; (b) Intensity I o e of the radiation field 
emitted from the surface AA 0 ; (c) Expression for q emit presuming knowledge of the intensity I D , e beginning 
with Eq. 12. 10; (d) Rate at which radiant energy is incident on the hemispherical surface, r = Ri = 0.5 m, 
due to emission from AA D ; (e) Rate at which radiant energy leaving AA D is intercepted by the small area 
AA 2 located in the direction (40°, <|>) on the hemispherical surface using Eq. 12.5; also determine the 
irradiation on AA 2 ; (f) Repeat part (e), for the location (0°, <|>); are the irradiations at the two locations 
equal? and (g) Irradiation Gi on the hemispherical surface at r = Ri using Eq. 12.5. 

SCHEMATIC: 




ASSUMPTIONS: (1) Diffuse surface, AA Q , (2) Medium above AA 0 is also non-participating, (3) 
R 2 » AA 0 , AA 2 . 

ANALYSIS: (a) The radiant power leaving AA D by emission is 

q emit = E 0 -AA 0 = 4000 W/m 2 (0.005 m x 0.005 m) = 0. 10 W < 

(b) The emitted intensity is I 0>e and is independent of direction since AA 0 is a diffuser emitter, 

I oe =E 0 /x = 1273 w/m 2 - sr < 

The intensities at points P! and P 2 are also I Q e and the intensity in the directions shown in the schematic 
above will remain constant no matter how far the point is from the surface AA D since the space is non- 
participating. 

(c) From knowledge of I o e , the radiant power leaving AA 0 from Eq. 12.8 is, 

q em j t = I 0 e AA G cos 9 sin O&O&cj) = I Q e AA Q cos 0 sin 9&9&<j) = n\ Q e AA Q = 0.10 W <« 

(d) Defining control surfaces above AA Q and on Ai, the radiant power leaving AA Q must pass through Ai. 
That is, 

q Unc =E o AA o =0.10W < 

2 

Recognize that the average irradiation on the hemisphere, Ai, where A^ = 2^"R^ , based upon the 
definition, Section 12.2.3, 

Gi = qi,inc / A l = E o A A o /2^-R 2 = 63.7 mw/ m 2 
where is the radiant power incident on surface At. 

Continued... 
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PROBLEM 12.11 (Cont.) 

(e) The radiant power leaving AA 0 intercepted by AA 2 , where AA 2 = 4xl0" 6 m 2 , located at (9 = 45°, as 
per the schematic, follows from Eq. 12.7, 

1AA 0 -^AA 2 = l o,e AA o cos #o Aft >2-o 
where 0 o = 45° and the solid angle AA 2 subtends with respect to AA U is 

A<y 2 - 0 = AA 2 cos# 2 /r 2 = 4xl0" 6 m 2 -l/(0.5m) 2 =1.60xl0" 5 sr 
where 9 2 = 0°, the direction normal to AA 2 , 

c|AA 0 — »AA 2 -1273w/m 2 -srx25xl0" 6 m 2 cos45°xl.60xl0" 5 sr = 3.60xl0" 7 W < 
From the definition of irradiation, Section 12.2.3, 

G 2 = qAA D -+AA 2 / AA 2 = 90 m\v/ m 2 

(f) With AA 2 , located at (0 = 0°, where cos0 o = 1, cos0 2 = 1, find 

A(X-2_ 0 = 1.60xl0~ 5 sr qAA D ^AA 2 =5.09xl0" 7 W G 2 =127mW/m 2 < 

Note that the irradiation on AA 2 when it is located at (0°, ())) is larger than when AA 2 is located at (45°, (()); 
that is, 127 mW/m 2 > 90 W/m 2 . Is this intuitively satisfying? 

(g) Using Eq. 12.13, based upon Figure 12.19, find 

G\ = f It idAj • dco 0 _i /A : = xl 0 e AA 0 /AA : = 63.7 mw/m 2 < 

where the elemental area on the hemispherical surface A! and the solid angle AA Q subtends with respect to 
AAi are, respectively, 

dA : = R 2 sin6»d6»d^ d<y 0 _^ = AA 0 cos oj R 2 

From this calculation you found that the average irradiation on the hemisphere surface, r = Ri, is 

= 63.7 mw/m 2 . From parts (e) and (f), you found irradiations, G 2 on AA 2 at (0°, and (45°, as 
127 mW/m 2 and 90 mW/m 2 , respectively. Did you expect G^ to be less than either value for G 2 ? How 
do you explain this? 

COMMENTS: (1) Note that from Parts (e) and (f) that the irradiation on A { is not uniform. Parts (d) 
and (g) give an average value. 

(2) What conclusions would you reach regarding Gi if AA Q were a sphere? 
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PROBLEM 12.12 

KNOWN: Hemispherical and spherical arrangements for radiant heat treatment of a thin-film material. 
Heater emits diffusely with intensity I e ,h = 169,000 W/ m 2 -sr and has an area 0.0052 m 2 . 

FIND: (a) Expressions for the irradiation on the film as a function of the zenith angle, 0, and (b) Identify 
arrangement which provides the more uniform irradiation, and hence better quality control for the 
treatment process. 



SCHEMATIC: 



R = 2m 



Hemisphere 



R = 2m 




Sphere 



Radiant heater, 



A h = 0.0052 m 2 
l e h = 169 kW/m 2 - sr 




ASSUMPTIONS: (1) Heater emits diffusely, (2) All radiation leaving the heater is absorbed by the thin 
film. 

ANALYSIS: (a) The irradiation on any differential area, dA s , due to emission from the heater, A h , 
follows from its definition, Section 12.2.3, 



G = 



qh->s 



(1) 



Where q h ^ s is the radiant heat rate leaving A h and intercepted by dA s . From Eq. 12.7, 

qh^s = !e,h • dA h cos #h • co s _ h (2) 
where co s . h is the solid angle dA s subtends with respect to any point on A h . From the definition, Eq. 12.2, 

(3) 



where dA n is normal to the viewing direction and r is the separation distance. 
For the hemisphere: Referring to the schematic above, the solid angle is 



^s-h = 

R 

and the irradiation distribution on the hemispheric surface as a function of Oh is 

,2 



G=I e ,hA h cos^ h /R' 
For the sphere: From the schematic, the solid angle is 



dA s cos 0 S 



dA s 



4R z cos6» h 



where R Q , from the geometry of sphere cord and radii with 0 S = 0 h , is 



(D< 



Continued.. 
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PROBLEM 12.12 (Cont.) 



R Q =2Rcos# h 

and the irradiation distribution on the spherical surface as a function of 0 h is 

G = I e , h dA h /4R 2 (2)< 

(b) The spherical shape provides more uniform irradiation as can be seen by comparing Eqs. (1) and (2). 
In fact, for the spherical shape, the irradiation on the thin film is uniform and therefore provides for better 
quality control for the treatment process. Substituting numerical values, the irradiations are: 

G hem = 1 69, 000 w/m 2 -srx 0.0052m 2 cos ^/( 2m) 2 = 219.7cos# h w/m 2 (3) 

G sph =169, 000 w/m 2 srx 0.0052 m 2 /4( 2m) =54.9w/m 2 (4) 

COMMENTS: (1) The radiant heat rate leaving the diffuse heater surface by emission is 
qtot=^e,hA h =2761W 

The average irradiation on the spherical surface, A sph = 4nR 2 , 

G S ph =q t ot/A S ph =2761 W/4^(2m) 2 =54.9 W/m 2 
while the average irradiation on the hemispherical surface, A hem = 2tcR 2 is 

Ghem = 2761 W/2^- (2m) 2 = 109.9 w/ m 2 

(2) Note from the foregoing analyses for the sphere that the result for G S ph is identical to that found as 
Eq. (4). That follows since the irradiation is uniform. 

(3) Note that G^em > G S ph smce the surface area of the hemisphere is half that of the sphere. 

Recognize that for the hemisphere thin film arrangement, the distribution of the irradiation is quite 
variable with a maximum at 0 = 0° (top) and half the maximum value at 0 = 30°. 
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PROBLEM 12.13 

KNOWN: Hot part, AA P , located a distance xi from an origin directly beneath a motion sensor at a 
distance L d = 1 m. 

FIND: (a) Location Xi at which sensor signal Si will be 75% that corresponding to x = 0, directly beneath 
the sensor, S 0 , and (b) Compute and plot the signal ratio, S/S 0 , as a function of the part position X] for the 
range 0.2 < S/S D < 1 for L d = 0.8, 1.0 and 1.2 m; compare the x-location for each value of L d at which 
S/S 0 = 0.75. 



SCHEMATIC: 



Motion sensor AA d , S 



L d =1 m 



\ 



\ 



\ 



Jsssssssssssss l sVss 

I 



Hot part, AA p , I 

^Conveyor 



ASSUMPTIONS: (1) Hot part is diffuse emitter, (2) L d » AA P , AA Q . 

ANALYSIS: (a) The sensor signal, S, is proportional to the radiant power leaving AA P and intercepted 
by AA d , 



= L, „ AA„ cos 0„ Aco, 



p^^d-p 



when 



a a L d t // T 2 , 2,1/2 

cos fc^p = cos £/ d = — — = L d J (L d + Xj ) 

R 

AA d -c os6> d / 2 , 2,3/2 

A ^d-p = o = AA d- L d/( L d+ x l) 



Hence, 



R" 



qp^d = !p,e AA p AA d 



L d 



(4+xf) 2 



(1) 

(2) 
(3) 

(4) 



It follows that, with S 0 occurring when x= 0 and L d = 1 m, 

i2 



L 2 d 



T 2 , 2 
L d +xj 



S ^ LyCL^+X! 2 ) 2 
So L 2 d /(L 2 d +0 2 ) 2 
so that when S/S D = 0.75, find, 
X! = 0.393 m 

(b) Using Eq. (5) in the IHT workspace, the signal ratio, S/S Q , has been computed and plotted as a 
function of the part position x for selected L d values. 



(5) 



Continued... 
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PROBLEM 12.13 (Cont.) 



o 

CO 
CO 

o 

CO 

c 

Dl 
CO 



0 1 2 

Part position, x (m) 

— e — Sensor position, Ld = 0.8 m 

Ld = 1 m 

— fr- Ld = 1 .2 m 

When the part is directly under the sensor, x = 0, S/S Q = 1 for all values of L d . With increasing x, S/S Q 
decreases most rapidly with the smallest L d . From the IHT model we found the part position x 
corresponding to S/S Q = 0.75 as follows. 



S/S 0 L d (m) Xj (m) 

0.75 0.8 0.315 

0.75 1.0 0.393 

0.75 1.2 0.472 



If the sensor system is set so that when S/S 0 reaches 0.75 a process is initiated, the technician can use the 
above plot and table to determine at what position the part will begin to experience the treatment process. 
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PROBLEM 12.14 



KNOWN: Surface area, and emission from area Size and orientation of area A 2 . 



FIND: (a) Irradiation of A 2 by Ai for Li = 1 m, L 2 = 0.5 m, (b) Irradiation of A 2 over the range 0 
< L 2 < 10 m. 

I, = 1000 W/m 2 -sr 

A / 

x 



SCHEMATIC: 



L, = 0.5 m 



*■ A, 



ASSUMPTIONS: Diffuse emission. 

ANALYSIS: (a) The irradiation of Surface 1 is Gi_ 2 = qi- 2 /A 2 and from Example 12.1, 

qi- 2 = IiAiCos0iC0 2 .i = IiAiCos0iA 2 cos0 2 /r 2 
Since 0! = 0 2 = 0 = tan'iU/U) = tan _1 (lA).5) = 63.43° and r 2 = U 2 + L 2 2 = (lm) 2 + (0.5m) 2 = 1.25 m 2 , 

G!_ 2 = I,A lC os 2 e/r 2 = 1000W/m 2 -sr x 2 x 10" 4 m 2 x cos 2 (63.43°)/1.25m 2 = 0.032 W/m 2 < 

(b) The preceding equations may be solved for various values of L 2 . The irradiation over 
the range 0 < L 2 < 10 m is shown below. 



Irradiation of Surface 2 vs. Distance L2 



E 
| 

3 




COMMENTS: The irradiation is zero for L, = 0 and L, -> oo. 
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PROBLEM 12.15 



KNOWN: Intensities of radiating various surfaces of known areas. 

FIND: Surface temperature and emitted energy assuming blackbody behavior. 



SCHEMATIC: 




A 



ANALYSIS: For blackbody emission, T = — and E = ril. Therefore, 



E 



T = 



7lL 



\l/4 



; q e = AE = Anl e 



(1,2) 



Equations (1) and (2) may be used to find T and q e as follows. 



Problem 


I e (W/m 2 -sr) 


A(m 2 ) 


T(K) 


q e (W) 


Example 12.1 


7000 


10" 3 


789 


22 


Problem 12.3 


100 


lO" 4 


273 


0.031 


Problem 12.5 


1.2 x 10 5 


lO" 4 


1606 


37.7 


Problem 12.12 


169,000 


0.0052 


1750 


2761 


Problem 12.14 


1000 


2 x 10" 4 


485 


0.628 



COMMENTS: If the surface is not black, the intensity leaving the surface will include a 
reflected component. 
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PROBLEM 12.16 



KNOWN: Diameter and temperature of burner. Temperature of ambient air. Burner efficiency. 



FIND: (a) Radiation and convection heat rates, and wavelength corresponding to maximum spectral 
emission. Rate of electric energy consumption, (b) Effect of burner temperature on convection and 
radiation rates. 



SCHEMATIC: 



D = 0.20 m k 



qrad qconv C^L> T a} = 20°C 
\ f / 100°C<T S <3 



I^WvVWWj 

1^ Pelec * 



ASSUMPTIONS: (1) Burner emits as a blackbody, (2) Negligible irradiation of burner from 
surrounding, (3) Ambient air is quiescent, (4) Constant properties. 



6 2, 



PROPERTIES: Table A-4, air (T f = 408 K): k = 0.0344 W/m-K, v= 21 A x 10 m 7s, a = 39.7 x 
10" 6 m 2 /s, Pr = 0.70, /?= 0.00245 K \ 

ANALYSIS: (a) For emission from a blackbody 



qrad=A s E b =l?rD 2 /4 Wr 4 = 



;r(0.2m) z /4 5.67x10 6 W/m 2 • K 4 (523 K)* = 133 W 



With L = A s /P = D/4 = 0.05m and Ra L = g/5(T s - T^) L 3 /av= 9.8 m/s 2 x 0.00245 K" 1 (230 K) 
(0.05m) 3 /(27.4 x 39.7 x 10" 12 m 4 /s 2 ) = 6.35 x 10 5 , Eq. (9.30) yields 



h = -Nu, 



0.54 Ra 



1/4 



0.0344 w / ni •K\,,,/,„ ^ 5 \ 1/4 _ , n c 11; , 2 



0.05m 



0.54 6.35x10- 



10.5 W/m-K 



q conv = h A s (T s - ) = 10.5 W / m 2 • K n (0.2m) 2 / 4 



230K = 75.7 W 



The electric power requirement is then 

Pelec = q™d + qconv = (133 + 75.7) W = 232 w < 
?] 0.9 

The wavelength corresponding to peak emission is obtained from Wien's law, Eq. (12.25) 

^nax =2898/mi-K/523K = 5.54//m < 
(b) As shown below, and as expected, the radiation rate increases more rapidly with temperature than 

(4 5/4 \ 

T s vs. T s 



Continued 
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PROBLEM 12.16(Cont.) 




COMMENTS: If the surroundings are treated as a large enclosure with isothermal walls at T sur = T 

= 293 K, irradiation of the burner would be G = crT sur =418 W/m and the corresponding heat rate 

would be A s G = 13 W. This input is much smaller than the energy outflows due to convection and 
radiation and is justifiably neglected. 
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PROBLEM 12.17 




KNOWN: Evacuated, aluminum sphere (D = 2m) serving as a radiation test chamber. 

FIND: Irradiation on a small test object when the inner surface is lined with carbon black and at 
600K. What effect will surface coating have? 

SCHEMATIC: 

Alu mi nam sphere, V~2m 
Small test surface, 

Carbor? black coating, 
T s = 600K 

ASSUMPTIONS: (1) Sphere walls are isothermal, (2) Test surface area is small compared to the 
enclosure surface. 

ANALYSIS: It follows from the discussion of Section 12.3 that this isothermal sphere is an enclosure 
behaving as a blackbody. For such a condition, see Fig. 12.11(c), the irradiation on a small surface 
within the enclosure is equal to the blackbody emissive power at the temperature of the enclosure. 
That is 

G 1= E b (T s ) = <7T s 4 

Gi = 5 .67 x 10" 8 W / m 2 • K 4 ( 600K) 4 = 7348 W / m 2 . < 

The irradiation is independent of the nature of the enclosure surface coating properties. 

COMMENTS: (1) The irradiation depends only upon the enclosure surface temperature and is 
independent of the enclosure surface properties. 

(2) Note that the test surface area must be small compared to the enclosure surface area. This allows 
for inter-reflections to occur such that the radiation field, within the enclosure will be uniform 
(diffuse) or isotropic. 

(3) The irradiation level would be the same if the enclosure were not evacuated since, in general, air 
would be a non-participating medium. 
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PROBLEM 12.18 

KNOWN: Isothermal enclosure of surface area, A s , and small opening, A 0 , through which 70W 
emerges. 

FIND: (a) Temperature of the interior enclosure wall if the surface is black, (b) Temperature of the 
wall surface having s = 0.15. 

SCHEMATIC: 




A o =0.0Zm* 
T S} A s = 100m* 



ASSUMPTIONS: (1) Enclosure is isothermal, (2) A 0 « A s . 

ANALYSIS: A characteristic of an isothermal enclosure, according to Section 12.3, is that the radiant 
power emerging through a small aperture will correspond to blackbody conditions. Hence 



qrad = A o E b (T S ) = A G <7T S 

where q ra d is the radiant power leaving the enclosure opening. That is, 

n1/4 



T = 



( \ 


1/4 f 


Qrad 






V 



70W 



0.02m 2 x 5.670 x 10" 8 W / m 2 • K 4 



= 498K. 



Recognize that the radiated power will be independent of the emissivity of the wall surface. As long 
as A 0 « A s and the enclosure is isothermal, then the radiant power will depend only upon the 
temperature. 

COMMENTS: It is important to recognize the unique characteristics of isothermal enclosures. See 
Fig. 12.11 to identify them. 
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PROBLEM 12.19 

KNOWN: Sun has equivalent blackbody temperature of 5800 K. Diameters of sun and earth as well 
as separation distance are prescribed. 

FIND: Temperature of the earth assuming the earth is black. 



SCHEMATIC: 




Su7i,T s =5800K. 



D s =1.3<?xl0 m 



R s ^l.SxlO u m 



Earth } T e) 



D^LZ9x10 7 tt, 




ASSUMPTIONS: (1) Sun and earth emit as blackbodies, (2) No attenuation of solar irradiation 
enroute to earth, and (3) Earth atmosphere has no effect on earth energy balance. 

ANALYSIS: Performing an energy balance on the earth, 



E; 



in 



■ E out " 0 



A e ,p-G S =A e , s -E b (T e ) 
^D2/4)G s =^D^T e 4 

T e =(G s /4<x) 1/4 

where A e p and A e s are the projected area and total surface area of the earth, respectively. To 



determine the irradiation Gs at the earth's 
surface, equate the rate of emission from the 
sun to the rate at which this radiation passes 

through a spherical surface of radius Rs, e - D e /2. 



Ein E OU { - 0 



2 

;rD 2 -aT 4 =4;r[R s>e -D e /2] G s 



1.39xl0 9 mj x 5.67 xlO" 8 W/m 2 -K 4 (5800 K)" 




71 



1.5xlO n -1.29xl0 7 /2 



2 

m xGj 



G s =1377.5 W/m z . 
Substituting numerical values, find 

T e =(l377.5 W/m 2 /4x5.67xl0" 8 W/m 2 • K 4 ) 1M = 279 



K. 



COMMENTS: (1) The average earth's temperature is greater than 279 K since the effect of the 
atmosphere is to reduce the heat loss by radiation. 

(2) Note carefully the different areas used in the earth energy balance. Emission occurs from the total 
spherical area, while solar irradiation is absorbed by the projected spherical area. 
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PROBLEM 12.20 

2 

KNOWN: Solar flux at outer edge of earth's atmosphere, 1353 W/m . 

FIND: (a) Emissive power of sun, (b) Surface temperature of sun, (c) Wavelength of maximum solar 
emission, (d) Earth equilibrium temperature. 

SCHEMATIC: 




ASSUMPTIONS: (1) Sun and earth emit as blackbodies, (2) No attenuation of solar radiation 
enroute to earth, (3) Earth atmosphere has no effect on earth energy balance. 

ANALYSIS: (a) Applying conservation of energy to the solar energy crossing two concentric 
spheres, one having the radius of the sun and the other having the radial distance from the edge of the 
earth's atmosphere to the center of the sun 

f r. \2 



s-e 



q"s. 



Hence 



E s = 



4|1.5xlO U m-0.65xlO 



■ 7 m) S 



xl353 W/m^ 



■ = 6.302xl0 7 W/m 2 . 



(l.39xl0 9 mj 
(b) From Eq. 12.26, the temperature of the sun is 



T - 

x s _ 



E ^ 



1/4 



6.302 xlQ 7 W/m 2 
5.67 xlO" 8 W/m 2 -K 4 



a/4 



= 5774 K. 



(c) From Wien's displacement law, Eq. 12.25, the wavelength of maximum emission is 
C 3 _ 2898//m-K 



^•max ~~ ' 



= 0.50 //m. 



T 5774 K 
(d) From an energy balance on the earth's surface 
E e (^De) = qs(^De M ). 

Hence, from Eq. 12.26, 



T = 
x e 



4a 



\l/4 



1353 W/m^ 



\l/4 



4x5.67xl0" 8 W/m 2 -K 4 



= 278 K. 



COMMENTS: The average earth temperature is higher than 278 K due to the shielding effect of the 
earth's atmosphere (transparent to solar radiation but not to longer wavelength earth emission). 
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PROBLEM 12.21 



KNOWN: Small flat plate positioned just beyond the earth's atmosphere oriented such that its normal 
passes through the center of the sun. Pertinent earth-sun dimensions from Problem 12.20. 

FIND: (a) Solid angle subtended by the sun about a point on the surface of the plate, (b) Incident 
intensity, I; , on the plate using the known value of the solar irradiation about the earth's atmosphere, G s = 
1353 W/m 2 , and (c) Sketch of the incident intensity as a function of the zenith angle 0, where 0 is 
measured from the normal to the plate. 



SCHEMATIC: 

-Sun, 



D s = 1.39 x 10 s m 




5800 K 



Earth, 




1.29 x 10 7 m 




1.5x 10 11 



ASSUMPTIONS: (1) Plate oriented normal to centerline between sun and earth, (2) Height of earth's 
atmosphere negligible compared to distance from the sun to the plate, (3) Dimensions of the plate are very 
small compared to sun-earth dimensions. 

ANALYSIS: (a) The pertinent sun-earth dimensions are shown in the schematic (a) above while the 
position of the plate relative to the sun and the earth is shown in (b). The solid angle subtended by the sun 
with respect to any point on the plate follows from Eq. 12.2, 

\2 I 



A s cos dp 



cosft, n 1.39xl0^m /4xl 



-s, P 



= 6.74x10 sr 



(D< 



1.5xl0 n m 



where A s is the projected area of the sun (the solar disk), 0 P is the zenith angle measured between the 
plate normal and the centerline between the sun and earth, and L s , p is the separation distance between the 
plate at the sun's center. 

(b) The plate is irradiated by solar flux in the normal direction only (not diffusely). Using Eq. (12.13), 
the radiant power incident on the plate can be expressed as 

Gs^p = k ■ AA p cos 0 p ■ ^S-p (2) 
and the intensity Ij due to the solar irradiation Gs with cos 0 P = 1 , 

-5 



L = G< 



= 1353W/ ni/6.74xl0 



sr = 2.01xl0 7 W/m -sr 



(c) As illustrated in the schematic to the right, the intensity I ; will 
be constant for the zenith angle range 0 < 0 P < 0 PiO where 



ff -° S/2 
L S,p 



1.39 xl(f m/2 



1.5xl0 n m 



0 po =4.633 x 10" 



rad*0.27 



For the range 0 P > 0 p o , the intensity will be zero. Hence 
the I; as a function of 0 P will appear as shown to the 
right. 




/(e) 



o 



0 0.27 



90 e r 
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PROBLEM 12.22 

KNOWN: Various surface temperatures. 

FIND: (a) Wavelength corresponding to maximum emission for each surface, (b) Fraction of solar 
emission in UV, VIS and IR portions of the spectrum. 

ASSUMPTIONS: (1) Spectral distribution of emission from each surface is approximately that of a 
blackbody, (2) The sun emits as a blackbody at 5800 K. 

ANALYSIS: (a) From Wien's law, Eq. 12.25, the wavelength of maximum emission for blackbody 
radiation is 

_C 3 2898 jum-K 

AnaX _ rp _ rp 

For the prescribed surfaces 

Hot Cool 
Surface Sun Tungsten metal Skin metal 
(5800K) (2500K) (1500K) (305K) (60K) 

W(l^m) 0.50 1.16 1.93 9.50 48.3 < 

(b) From Fig. 12.3, the spectral regions associated with each portion of the spectrum are 

Spectrum Wavelength limits, ixm 

UV 0.01 - 0.4 

VIS 0.4 - 0.7 

IR 0.7 - 100 

For T = 5800K and each of the wavelength limits, from Table 12.1 find: 

^(um) 10" 2 0.4 0.7 10 2 

^T(Lim-K) 58 2320 4060 5.8 x 10 5 
F ( o^) 0 0.125 0.491 1 

Hence, the fraction of the solar emission in each portion of the spectrum is: 

F uv = 0.125 -0 = 0.125 < 

F V is = 0.491 -0.125 = 0.366 < 

F IR = 1 -0.491 = 0.509. < 

COMMENTS: (1) Spectral concentration of surface radiation depends strongly on surface 
temperature. 

(2) Much of the UV solar radiation is absorbed in the earth's atmosphere. 
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PROBLEM 12.23 



KNOWN: Visible spectral region 0.47 urn (blue) to 0.65 Lxm (red). Daylight and incandescent 
lighting corresponding to blackbody spectral distributions from the solar disk at 5800 K and a lamp 
bulb at 2900 K, respectively. 

FIND: (a) Band emission fractions for the visible region for these two lighting sources, and (b) 
wavelengths corresponding to the maximum spectral intensity for each of the light sources. Comment 
on the results of your calculations considering the rendering of true colors under these lighting 
conditions. 

ASSUMPTIONS: Spectral distributions of radiation from the sources approximates those of 
blackbodies at their respective temperatures. 

ANALYSIS: (a) From Eqs. 12.28 and 12.29, the band-emission fraction in the spectral range Xi to X 2 
at a blackbody temperature T is 

F (A\-A2, T) = F (0^A2, T)~ F (0^A\, T) 
where the F^q^^ values can be read from Table 12.1 (or, more accurately calculated using the 
IHT Radiation I Band Emission tool) 
Daylight source (T = 5800 K) 

F (A\-A2,T) =0.4374-0.2113 = 0.2261 < 

where at X 2 -T = 0.65 Lim x 5800 K = 3770 um-K, find F (0 . XT) = 0.4374, and at X V T = 0.47 Lim x 
5800 K = 2726 LimK, find F (0 - x T ) = 0.2113. 
Incandescent source (T = 2900 K) 

F (A\-A2, T) = 0.05098 - 0.00674 = 0.0442 < 

(b) The wavelengths corresponding to the peak spectral intensity of these blackbody sources can be 
found using Wien's law, Eq. 12.25. 

X max = 2898 urn • K 
For the daylight (d) and incandescent (i) sources, find 

A max d =2898 /fln-K/5800K = 0.50 jum < 

X max ^ ; = 2898 Lim • K/2900 K = 1.0 Lim < 

COMMENTS: (1) From the band-emission fraction calculation, part (a), note the substantial 
difference between the fractions for the daylight and incandescent sources. The fractions are a 
measure of the relative amount of total radiant power that is useful for lighting (visual illumination). 

(2) For the daylight source, the peak of the spectral distribution is at 0.5 jam within the visible spectral 
region. In contrast, the peak for the incandescent source at 1 urn is considerably outside the visible 
region. For the daylight source, the spectral distribution is "flatter" (around the peak) than that for the 
incandescent source for which the spectral distribution is decreasing markedly with decreasing 
wavelength (on the short-wavelength side of the blackbody curve). The eye has a bell-shapedrelative 
spectral response within the visible, and will therefore interpret colors differently under illumination 
by the two sources. In daylight lighting, the colors will be more "true," whereas with incandescent 
lighting, the shorter wavelength colors (blue) will appear less bright than the longer wavelength colors 
(red) 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.24 



KNOWN: Thermal imagers operating in the spectral regions 3 to 5 urn and 8 to 14 Lxm. 

FIND: (a) Band-emission factors for each of the spectral regions, 3 to 5 urn and 8 to 14 Lxm, for 
temperatures of 300 and 900 K, (b) Calculate and plot the band-emission factors for each of the 
spectral regions for the temperature range 300 to 1000 K; identify the maxima, and draw conclusions 
concerning the choice of an imager for an application; and (c) Considering imagers operating at the 
maximum-fraction temperatures found from the graph of part (b), determine the sensitivity (%) 
required of the radiation detector to provide a noise-equivalent temperature (NET) of 5°C. 

ASSUMPTIONS: The sensitivity of the imager's radiation detector within the operating spectral 
region is uniform. 



ANALYSIS: (a) From Eqs. 12.28 and 12.29, the band-emission fraction F(Xl 
blackbody emission in the spectral range Xi to X2 for a temperature T is 



12, T) for 



F (A\^A2, T) " F (0^A2, T) " F (0^11, T) 

Using the IHT Radiation I Band Emission tool (or Table 12.1), evaluate F(q.a,t) at appropriate X-T 
products: 

3 to 5 /Jin region 

?(Al-A2, 300 K) =0.1375-0.00017 = 0.01373 

F (A1-A2, 900 K) = 0-5640 - 0.2055 = 0.3585 
8 to 14/m region 



F (21-A2, 300 K ) = 0-5 1 60 - 0. 1403 = 0.3757 
F (21-12,900K)=0-9511-0.8192 = 0.1319 



< 
< 



(b) Using the IHT Radiation I Band Emission tool, the band-emission fractions for each of the spectral 
regions is calculated and plotted below as a function of temperature. 



Band fractions for thermal imaging spectral regions 




Temperature, T (K) 



3 to 5 urn region 
8 to 14 urn region 



Continued 
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PROBLEM 12.24 (Cont.) 



For the 3 to 5 urn imager, the band-emission factor increases with increasing temperature. For low 
temperature applications, not only is the radiant power (crT^, T « 300 k| low, but the band fraction 

is small. However, for high temperature applications, the imager operating conditions are more 
favorable with a large band-emission factor, as well as much higher radiant power 

o-T 4 , T^900Kj. 

For the 8 to 14 Lxm imager, the band-emission factor decreases with increasing temperature. This is a 
more favorable instrumentation feature, since the band-emission factor (proportionally more power) 
becomes larger as the radiant power decreases. This imager would be preferred over the 3 to 5 urn 
imager at lower temperatures since the band-emission factor is 8 to 10 times higher. 

Recognizing that from Wien's displacement law, the peaks of the blackbody curves for 300 and 900 K 
are approximately 10 and 3.3 urn, respectively, it follows that the imagers will receive the most radiant 
power when the peak target spectral distributions are close to the operating spectral region. It is good 
application practice to chose an imager having a spectral operating range close to the peak of the 
blackbody curve (or shorter than, if possible) corresponding to the target temperature. 

The maxima band fractions for the 3 to 5 Lxm and 8 to 14 |im spectral regions correspond to 
temperatures of 960 and 355 K, respectively. Other application factors not considered (like smoke, 
water vapor, etc), the former imager is better suited with higher temperature scenes, and the latter with 
lower temperature scenes. 

(c) Consider the 3 to 5 urn and 8 to 14 Lxm imagers operating at their band-emission peak 
temperatures, 355 and 960 K, respectively. The sensitivity S (% units) of the imager to resolve an 
NET of 5°C can be expressed as 

s(%)= ^2,Tl)-^2,T2) xl00 
F (A1-A2,T1) 

where Ti = 355 or 960 K and T2 = 360 or 965 K, respectively. Using this relation in the IHT 
workspace, find 

S 3 _ 5 = 0.035% S 8 _ 14 = 0.023% < 

That is, we require the radiation detector (with its signal-processing system) to resolve the output 
signal with the foregoing precision in order to indicate a 5°C change in the scene temperature. 
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PROBLEM 12.25 



KNOWN: Tube furnace maintained at Tf = 2000 K used to calibrate a heat flux gage of sensitive area 

2 

5 mm mounted coaxial with the furnace centerline, and positioned 60 mm from the opening of the 
furnace. 

2 

FIND: (a) Heat flux (kW/m ) on the gage, (b) Radiant flux in the spectral region 0.4 to 2.5 urn, the 
sensitive spectral region of a solid-state (photoconductive type) heat-flux gage, and (c) Calculate and 
plot the heat fluxes for each of the gages as a function of the furnace temperature for the range 2000 < 
Tf < 3000 K. Compare the values for the two types of gages; explain why the solid-state gage will 
always indicate systematically low values; does the solid-state gage performance improve, or become 
worse as the source temperature increases? 



SCHEMATIC: 



Furnace, T f = 2000 K 
y / D = 12.5 mm 



Cold extension tube 

AC0f.g 




Heat flux 

gage, A g = 5 mm 2 



L = 60 mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Graphite tube furnace behaves as a blackbody, (3) 
Areas of gage and furnace opening are small relative to separation distance squared, and (4) Extension 
tube is cold relative to the furnace. 

ANALYSIS: (a) The heat flux to the gage is equal to the irradiation, G g , on the gage and can be 
expressed as (see Section 12.2.3) 

Gg = If • cos 6>g • Aco f _g 

where Acof . g is the solid angle that the furnace opening subtends relative to the gage. From Eq. 12.2, 
with 0 g = 0° 

dA n A f cos#g ^-(0.0125 m) 2 /4xl 2 

Afflf _„ = —5, = = — = -i '—= = 3.409 x 10 z sr 

g r 2 L 2 (0.060 m) 2 

The intensity of the radiation from the furnace is 

I f =E bf (Tf)/^=oT f 4 /^ = 5.67xl0" 8 W/m 2 -K 4 (2000 K) 4 / n = 2.888 x 10 5 W/m 2 -sr 
Substituting numerical values, 

G CT =2.888 xlO 5 W/m 2 -srxlx 3.409 xlO" 2 sr = 9.84kW/m 2 < 



(b) The solid-state detector gage, sensitive only in the spectral region A,i = 0.4 urn to X2 = 2.5 um, will 
receive the band irradiation. 

G g, X\-X2 =F (21^2,Tf)' G g,b = F (0^A2, Tf ) " F (0^A1, Tf ) G g,b 



Continued 
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PROBLEM 12.25 (Cont.) 



where for X { T f = 0.4 u.m x 2000 K = 800 Lim-K, F (0 . xi) = 0.0000 and for X 2 ■ T f = 2.5 Lim x 2000 K 
= 5000 Lim-K, F( 0 - X2) = 0.6337. Hence, 

G&Xi-n = [0.6337 - 0.0000] x 9.84 kW / m 2 = 6.24 kW / m 2 < 

(c) Using the foregoing equation in the IHT workspace, the heat fluxes for each of the gage types are 
calculated and plotted as a function of the furnace temperature. 



Heat heat flux gage calibrations 




2000 2200 2400 2600 2800 3000 



Furnace temperature, Tf (K) 

Black heat flux gage 

— •— Solid-state gage, 0.4 to 2.5 um 



For the black gage, the irradiation received by the gage, G g , increases as the fourth power of the 
furnace temperature. For the solid-state gage, the irradiation increases slightly greater than the fourth 

power of the furnace temperature since the band-emission factor for the spectral region, F(xi . X2, Tf> 
increases with increasing temperature. The solid-state gage will always indicate systematic low 
readings since its band-emission factor never approaches unity. However, the error will decrease with 
increasing temperature as a consequence of the corresponding increase in the band-emission factor. 

COMMENTS: For this furnace-gage geometrical arrangement, evaluating the solid angle, Acof . g , 
and the areas on a differential basis leads to results that are systematically high by 1%. Using the view 

factor concept introduced in Chapter 13 and Eq. 13.1, the results for the black and solid-state gages are 

2 

9.74 and 6.17 kW/m , respectively. 
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PROBLEM 12.26 



KNOWN: Geometry and temperature of a ring-shaped radiator. Area of irradiated part and distance 
from radiator. 



FIND: Rate at which radiant energy is incident on the part. 
SCHEMATIC: 



e 2 = 60° 



Radiant heater, 
T h = 3000 K 

X 




/<^w = 30 mm 



9 1 = 30° 



= 0.007 m 2 



ASSUMPTIONS: (1) Heater emits as a blackbody. 

ANALYSIS: Expressing Eq. 12.7 on the basis of the total radiation, dq = I e dA h cosO dco, the rate at 
which radiation is incident on the part is 

q h _ p = Jdq = I e JJcos#d« p _ h dA h «I e cos#-« p _ h -A h 

Since radiation leaving the heater in the direction of the part is oriented normal to the heater surface, 0 = 0 
and cos 6 = 1. The solid angle subtended by the part with respect to the heater is co p _h = A p cos Oi/L 2 , 

while the area of the heater is A h « 2nr h W = 2n(L sin 0i)W. Hence, with I e = E b /n = crT^ / n , 



5.67x10 6 W/m 2 -K 4 (3000K) 



qh-p 



\4 0.007 m 2 (cos 30° 



n 



(3m)' 



: Ik (1.5 m) 0.03 m 



qh-p 



278.4W 



COMMENTS: The foregoing representation for the double integral is an excellent approximation since 



W « L and A p « L . 
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PROBLEM 12.27 

KNOWN: Spectral distribution of the emissive power given by Planck's law. 

FIND: Approximations to the Planck distribution for the extreme cases when (a) C 2 AT » 1, Wien's 
law and (b) C 2 AT « 1, Ray leigh- Jeans law. 

ANALYSIS: Planck's law provides the spectral, hemispherical emissive power of a blackbody as a 
function of wavelength and temperature, Eq. 12.24, 

E^ b ( A, T) = Q / A 5 [exp (C 2 / AT) - 1] . 
We now consider the extreme cases of C2/XI » 1 and C2IXT « 1 . 

(a) When C 2 IXT » 1 (or AT « C 2 ), it follows exp(C 2 /AT) » 1. Hence, the -1 term in the 
denominator of the Planck law is insignificant, giving 

E2,b (A,T) « (q //l 5 )exp(-C 2 1 AT). < 

This approximate relation is known as Wien's law. The ratio of the emissive power by Wien's law to 
that by the Planck law is, 

El,b,Wien l/exp(C 2 /AT) 
E ^,b,Planck l/[exp(C 2 /AT)-l] 

14388 z/m • K 

For the condition XI = A max T = 2898 um-K, C 2 /AT = = 4.966 and 

2898//m-K 

E2,b|wien _ l/exp(4.966) =Q993Q < 



E 2,b|pianck l/[exp(4.966)-l] 
That is, for AT < 2898 pm-K, Wien's law is a good approximation to the Planck distribution. 

(b) If C2/XI « 1 (or XT » C 2 ), the exponential term may be expressed as a series that can be 
approximated by the first two terms. That is, 

2 3 
x x 

e x =l + x + — + — + ...«l + x when x«l. 

2! 3! 

The Rayleigh- Jeans approximation is then 

( A, T) * Q / A 5 [l + (C 2 / AT) - 1] = C{T I C 2 A 4 . 

For the condition XT = 100,000 Lim-K, C 2 /XI = 0.1439 

E2 ' b ' R " J = ClT/C2 ^ 4 [exp (C 2 / AT) - ll" 1 = ( AT I C 2 ) [exp (C 2 / AT) - 1] = 1 .0754. < 
E 2,b,Planck Ci/A 5 J " 

That is, for ^T > 100,000 pm-K, the Rayleigh-Jeans law is a good approximation (better than 10%) to 
the Planck distribution. 

COMMENTS: The Wien law is used extensively in optical pyrometry for values of X near 0.65 pm 
and temperatures above 700 K. The Rayleigh-Jeans law is of limited use in heat transfer but of utility 
for far infrared applications. 
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PROBLEM 12.29 



KNOWN: Spectral emissivity, dimensions and initial temperature of a tungsten filament. 



FIND: (a) Total hemispherical emissivity, s, when filament temperature is T s = 2900 K; (b) Initial rate 
of cooling, dT s /dt, assuming the surroundings are at T sur = 300 K when the current is switched off; 
(c) Compute and plot s as a function of T s for the range 1300 < T s < 2900 K; and (d) Time required for 
the filament to cool from 2900 to 1300 K. 

SCHEMATIC: 

A 



0.45 



0.10 - 



Evacuated 
bulb 



0 



+ 



+ 




Tungsten 
filament, 
D = 0.8 mm, 
L = 20 mm, 
T s = 2900 K, 
T f = 1300 K 



ASSUMPTIONS: (1) Filament temperature is uniform at any time (lumped capacitance), (2) Negligible 
heat loss by conduction through the support posts, (3) Surroundings large compared to the filament, 
(4) Spectral emissivity, density and specific heat constant over the temperature range, (5) Negligible 
convection. 



PROPERTIES: Table A-l, Tungsten (2900 K); p = 19,300 kg/ m J , c p * 185 j/kg- K . 

ANALYSIS: (a) The total emissivity at Ts = 2900 K follows from Eq. 12.36 using Table 12.1 for the 
band emission factors, 



TOO 

£ = J 0 £ Z E A,b( T s ) dl = f l F (0^2//m) + S 2<X- R0^2//m) 
s = 0.45 x 0.72 + 0.1 (1 - 0.72) = 0.352 
where %)->2//m) = °- 72 at ^ T = 2 V m x 2900 K = 5800 ^ m ' K - 



(1) 
< 



(b) Perform an energy balance on the filament at the instant of time at which the current is switched off, 

dT s 

E in -E out =Mc 

dt 



A s (a G sur - E) = A s {a crT 4 - s aT 4 ) = Mc p dT s /dt 



and find the change in temperature with time where A s = tcDL, M = pV, and V = (tzD /4)L, 



dt 



dT c 



kT)L<j(£ T s 4 - aT^ m ) 



p\nT> /A Lc 



4a 
pc v D 



4 x 5.67 x 10 8 w/m 2 • K 4 (0.352 x 2900 4 - 0. 1 x 300 4 )K 4 



= -1977 K/s 



dt 19,300kg/m xl85J/kg-Kx0.0008m 

(c) Using the IHT Tool, Radiation, Band Emission Factor, and Eq. (1), a model was developed to 
calculate and plot s as a function of T s . See plot below. 



Continued... 
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PROBLEM 12.29 (Cont.) 



(d) Using the IHT Lumped Capacitance Model along with the IHT workspace for part (c) to determine 8 
as a function of T s , a model was developed to predict T s as a function of cooling time. The results are 
shown below for the variable emissivity case (e vs. T s as per the plot below left) and the case where the 
emissivity is fixed at s(2900 K) = 0.352. For the variable and fixed emissivity cases, the times to reach T s 
= 1300 K are 

t var = 8.3 s t fix = 5.1 s ^ 




1000 1500 2000 2500 3000 

Variable emissivity 

Filament temperature, Ts (K) — e— Fixed emissivity, eps = 0.35; 

COMMENTS: (1) From the 8 vs. T s plot, note that 8 increases as T s increases. Could you have surmised 
as much by looking at the spectral emissivity distribution, e% vs. A,? 

(2) How do you explain the result that t var > t fix ? 

(3) The absorptivity is a = 0.1. This is from Section 12.5.1. The results are insensitive to the absorptivity 
since T sur « T s . 
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PROBLEM 12.30 



KNOWN: Spectral distribution of emissivity for zirconia and tungsten filaments. Filament 
temperature. 

FIND: (a) Total emissivity of zirconia, (b) Total emissivity of tungsten and comparative power 
requirement, (c) Efficiency of the two filaments. 

SCHEMATIC: 

1 r 



0.8 

£1 
0.2 



S2 



Zirconia 



£3 




El 



Filament 
T = 3000 K, ex 



J I L 



0 



0.4 0.7 



— ' > 

4 X (Liim) 



0.45 

0.10 

0 





Tungsten 


£1 






£2 




i 1 > 



A, (luti) 



ASSUMPTIONS: (1) Negligible reflection of radiation from bulb back to filament, (2) Equivalent 
surface areas for the two filaments, (3) Negligible radiation emission from bulb to filament. 

ANALYSIS: (a) From Eq. (12.36), the emissivity of the zirconia is 

£ = [ ™ £ A ( E 2 1 E b ) d A = £ \ F (0^0.4//m) + £ 2 F (0.4^0.7 M m) + £ 3 F (0.7 //m->oo) 

s = s \ F (0^0.4//m) + £ 2 ( F (0^0.7//m) _ F (0^0.4//m) ) + £ 3 [ l ~ F (0^0.7//m) ) 
From Table 12.1, with T = 3000 K 

/lT = 0.4//mx3000 =1200//m-K: F^ 04//m ^ =0.0021 
2T = 0.7//mx3000 K = 2100//m-K:F^ 07//m ^ =0.0838 

s = 0.2 x 0.0021 + 0.8 (0.0838 - 0.0021) + 0.2 x (l - 0.0838) = 0.249 < 
(b) For the tungsten filament, 

s = s x F( 0 ^ 2/ mi) + £ 2 (l- F (0^2//m) ) 
With AT = 6000/an-K, F(0 -> 2/an) = 0.738 

£ = 0.45x0.738 + 0.1(1-0.738) = 0.358 < 

Assuming, no reflection of radiation from the bulb back to the filament and with no losses due to 

tt 4 

natural convection, the power consumption per unit surface area of filament is P e i ec = £<rT . 

Continued 
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PROBLEM 12.30 (Cont.) 



Zirconia: P* lec = 0.249 x 5.67 x 10" 8 W/m 2 K 4 (3000 K) 4 =1.14xl0 6 W/m 2 
Tungsten: P^ lec =0.358 x 5.67 xlO" 8 W/m 2 -K 4 (3000 K) 4 =1.64 xlO 6 W/m 2 

Hence, for an equivalent surface area and temperature, the tungsten filament has the largest power 
consumption. < 

(c) Efficiency with respect to the production of visible radiation may be defined as 

r0.7 r0.7 



^vis " " — ^(0.4^0.7//m) 



With F (0 .4 _> o.7 fjm) = 0.0817 for T = 3000 K, 

Zirconia: ?] wis = (0.8/0.249)0.0817 = 0.263 

Tungsten: ?j vis = (0.45 / 0.358) 0.08 17 = 0. 103 

Hence, the zirconia filament is the more efficient. < 

COMMENTS: The production of visible radiation per unit filament surface area is E v i s = r/ vls P e 'i ec . 
Hence, 

Zirconia: E vis = 0.263x 1.14x 10 6 W/m 2 = 3.00xl0 5 W/m 2 

Tungsten: E vis = 0. 103x1. 64 xlO 6 W/m 2 = 1.69 xlO 5 W/m 2 

Hence, not only is the zirconia filament more efficient, but it also produces more visible radiation with 
less power consumption. This problem illustrates the benefits associated with carefully considering 
spectral surface characteristics in radiative applications. 
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PROBLEM 12.31 

KNOWN: Variation of spectral, hemispherical emissivity with wavelength for two materials. 
FIND: Nature of the variation with temperature of the total, hemispherical emissivity. 
SCHEMATIC: 




ASSUMPTIONS: (1) is independent of temperature. 

ANALYSIS: The total, hemispherical emissivity may be obtained from knowledge of the spectral, 
hemispherical emissivity by using Eq. 12.36 

s{T) = Mf) = io s ^-^rT M - 

We also know that the spectral emissive power of a blackbody becomes more concentrated at lower 

wavelengths with increasing temperature (Fig. 12.12). That is, the weighting factor, E^b (^>T)/Eb (T) 
increases at lower wavelengths and decreases at longer wavelengths with increasing T. Accordingly, 



Material A: 



s(T) increases with increasing T 



Material B: 



s(T) decreases with increasing T. 
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PROBLEM 12.32 

KNOWN: Metallic surface with prescribed spectral, directional emissivity at 2000 K and 1 Lxm (see 
Example 12.6) and additional measurements of the spectral, hemispherical emissivity. 

FIND: (a) Total hemispherical emissivity, s, and the emissive power, E, at 2000 K, (b) Effect of 
temperature on the emissivity. 



SCHEMATIC: 



0.4 



0.2 - 



£x (1um,2000 K) = 0.36 
E 1 



8 2 = 0.2 



0 1 2 3 4 A. (urn) 
ANALYSIS: (a) The total, hemispherical emissivity, s, may be determined from knowledge of the 
spectral, hemispherical emissivity, , using Eq. 12.36. 

2jum E^ h (A,T)dA f 4//m E^ h (A,T)dA 



E b (T) 



-+ 



* (T) = Jo°° ^WEi, b aT)dA/E b (T) = Sl j Q 
or from Eqs. 12.36 and 12.28, 

s(T) = £iE(q^ ) + s 2 [E^^) " %)->^) 

From Table 12.1, 

\ = 2 jum, T = 2000 K : \T = 4000 jum ■ K, F (0 ^.^ ) - 0.48 1 

% = 4 //m, T = 2000 K : XqY = 8000 jum ■ K, F (0 ^ /l2 ) = 0-856 



2jum 



Hence, 



s(T) = 0.36 x 0.481 + 0.20(0.856 - 0.48 1) = 0.25 



The total emissive power at 2000 K is 

E(2000 K) = s (2000 K) • E b (2000 K) 

E(2000 K) = 0.25 x 5.67 x 10" 8 w/ m 2 - K 4 x (2000 K) 4 = 2.27 x 10 5 w/ m 2 
(b) Using the Radiation Toolpad of IHT, the following result was generated. 



Eh CO 




500 1000 1500 2000 2500 3000 

Surface temperature, T(K) 



Continued... 
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PROBLEM 12.32 (Cont.) 



At T « 500 K, most of the radiation is emitted in the far infrared region (k > 4 urn), in which case s « 0. 
With increasing T, emission is shifted to lower wavelengths, causing s to increase. As T — > oo, s — » 
0.36. 

COMMENTS: Note that the value of s% for 0 < X < 2 |im cannot be read directly from the e% 
distribution provided in the problem statement. This value is calculated from knowledge of s% q (0) in 
Example 12.6. 
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PROBLEM 12.33 



KNOWN: Expression for spectral emissivity of titanium at room temperature. 

FIND: (a) Emissive power of titanium surface at 300 K. (b) Value of A, max for emissive power of 
surface in part (a). 

SCHEMATIC: 



e x = 0.52X' 05 , 0.3 < X < 30 |im 
= 0.1, X>30[im 




ANALYSIS: (a) Combining Eqs. 12.35 and 12.36, the emissive power is given by 

coo 

E(T) = e(T)E b (T) = J Q s x (X,T)E x ^(X,T)dX = I 1 + I 2 + I 3 

where 

11 = Jo ^ m zx^Wx,b(^)dX< J o °- 3 ^ m E^ b a,T)d^ = F (0 ^ 0 . 3 ^ m) E b (T) 

r30 urn n s 

1 2 = 0.52j / ^-°- 5 E^ b (^,T)d^ 

J0.3 urn 

i-oo 

13 =0.lj 30 ^ m E X)b (X,T)dX = 0.1F ( 3o Hm ^ 00 )E b (T) 

From Table 12.1, with 1{T = 0.3 urn x 300 K = 90 um-K and X 2 T = 30 um x 300 K = 9000 
um-K, 

F (0->0.3|jm) ~ 0 

F(30nm^oo) = 1 " F (0 ^30^m) = 1 " 0.890029 = 0.1 10 

Thus 

l!*0 

I 3 = 0. 1 x 0. 1 10 x 5.67 x 10" 8 W / m 2 • K 4 x (300 K) 4 = 5.05 W / m 2 
The integral I 2 must be evaluated numerically. Making use of Eq. 12.24 for E^b, 



= 0.52f 
J( 



Cl 



30nm^_o 5 

0.3 um ^ 5 [exp(C 2 /^T)-l] 



-dk 



Continued.. 
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PROBLEM 12.33 (Cont.) 

This integral can be evaluated using the INTEGRAL function of IHT. The result is I 2 = 61.16 

E(T) = Ii + 1 2 + 1 3 = 0 + 61.16 W/m 2 + 5.05 W/m 2 = 66.2 W/m 2 < 



W/m 2 . Thus, 



(b) The value of X maK is the value of X for which E^ is maximum. The maximum in E^ b occurs for 
^maxT - 2897.8 um-K, or at 300 K, X m . iX - 9.66 um. However, for E x - sji^b, the maximum will 
be shifted because of the dependence of on X. We consider 

dE x d(e^E X b ) dE x b de x 

- So, 1 Ei u = 0 



dX dX dX dX 



Considering the range 0.3 um < X < 30 um, for which = 0.52X' , this becomes 
Q 52 ^-0.5^b _ 0 5 | 0 52 ^-1.5j E ^ b = Q 

^^^-0.5E lb =0 (1) 
d^ A ' b 

dE^ b _ _5q -C ie xp(C 2 /^T) ( C 2 A 



Then 



^ ^ 6 [exp(C 2 /^T)-l] ^ 5 [exp(C 2 /^T)-l] 2 
dE X,b = 5 E X,b | E X,b^P{C2^ T ) ( C 2 ^ 

dX ~ x [exp(c 2 /rr)-i]U 2 T . 



X Z T 



Substituting Eq. (2) into Eq. (1) and simplifying, 



exp(C 2 /A.T) fC 2 
[exp(C 2 /^T)-l]UT 



(2) 



= 5.5 (3) 



Solving this implicit equation for C2/XT yields 

^ = 5.477 
XT 

Thus 

C 2 1.439 x 10 4 um-K 

Xma-K = — = = 8.76 um 

5.477T 5.477x300 K 

E^ b will be smaller in the ranges X < 0.3 um, and X > 30 um. 

COMMENTS: Because the titanium has an emissivity that increases with decreasing 
wavelength, the value of ^ max is smaller than would have been predicted with use of Wien's 
displacement law, ^ max ,w= 2897.8 |im-K/300K - 9.66 u.m. 
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PROBLEM 12.34 



KNOWN: Spectral directional emissivity of a diffuse material at 2000K. 

FIND: (a) Total, hemispherical emissivity, (b) Emissive power over the spectral range 0.8 to 2.5 um 

and for directions 0 < 0 < nl6. 

SCHEMATIC: 



0.3- 



o.z 





T=zoooK 



+■ 



+ 



2.5 



o.a is 

ASSUMPTIONS: (1) Surface is diffuse emitter. 

ANALYSIS: (a) Since the surface is diffuse, ex$ is independent of direction; from Eq. 12.34, &x,Q = 
ex- Using Eq. 12.36, 

*( T ) = jo e X (^)E /L ,b (A,T)dA/E b (T) 

E ( T ) = Jo' 5 ^Ei,b(^2000)dA/E b +J i G ° 5 ^ 2 E /l)b (A,2000)dA/E b . 

Written now in terms of F (0 _> x), with F (0 _> 1.5) = 0.2732 at XT = 1.5 x 2000 = 3000 um-K, (Table 
12.1) find, 

s(2000K) = £ l xF( 0 ^ l5 j+£ 2 !- F (0->1.5) = 0.2x0.2732 + 0.8[l-0.2732] = 0.636. < 
(b) For the prescribed spectral and geometric limits, from Eq. 12.10, 

AE = | 0 2 8 5 ^ ^I^T)cos#sin6M£d^ 

where Ij^e (X, 0, = ex,Q Ix,b (KT). Since the surface is diffuse, ex,Q = e X> an d noting Ij^b is 
independent of direction and equal to Exjjn, we can write 

' rl-5 „ /. _v f2.5 



AE 



ln a ■ oaoaA E b( T ) 
Q cos6 , sin^d6'd^^ 



J 0 ' 8 «1 E l,b (A,T)(U J x 5 £ 2 E 2,b (A,T)(U 



E b(T) 



E b(T) 



or in terms F(q -> a,) values, 



AE = 



271 sin 2 6> 
x 

0 2 



;z76 
0 



crT 



«1 [Eo->l .5 " EO^O.8 ] + £2 [E0^2.5 " ^0^1 .5 ]} • 



From Table 12.1: 



XT = 0.8 x2000 = 1600 um-K 
XT = 2.5 x 2000 = 5000 um-K 



F (0 ^o.8)= 0.0197 
F(0^ 2.5) = 0.6337 



AE = <^ 2n x 



sin 2 tt/6 I 5.67x10 8 x2000 4 W 
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• {0.2 [0.2732 - 0.0197] + 0.8 [0.6337 - 0.2732]} 



m 



AE = 0.25 x (5.67 x 10 8 x 2000 4 j W / m 2 x 0.339 = 76.89 kW / m : 
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PROBLEM 12.35 

KNOWN: Directional emissivity, sq, of a selective surface. 

FIND: Ratio of the normal emissivity, e n , to the hemispherical emissivity, 8. 

SCHEMATIC: 




ASSUMPTIONS: Surface is isotropic in $ direction. 

ANALYSIS: From Eq. 12.34 written on a total, rather than spectral, basis, the hemispherical 
emissivity is 



£ = lL ££(0)cos0sin0d0. 



JO 

Recognizing that the integral can be expressed in two parts, find 



s = 2 



6 = 2 



s = 2 



s = 2 



J f(0)cos0sin0d0 + J s(9)cos6sm0&6 

0.8 r M cos#sin#d# + 0.3 „ cos#sin#d# 
JO Jtt/4 



0.8 



sin 2 6> 



+0.3 



sin 2 ^ 



nil 



0.8|(0.50-0) + 0.3x|(l-0.50) 



= 0.550. 



The ratio of the normal emissivity (e n ) to the hemispherical emissivity is 



0.8 
0.550 



= 1.45. 



COMMENTS: Note that Eq. 12.34 assumes the directional emissivity is independent of the § 
coordinate. If this is not the case, then Eq. 12.33 is appropriate. 
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PROBLEM 12.36 

KNOWN: The total directional emissivity of non-metallic materials may be approximated as 
£9 = s n cos 0 where s n is the total normal emissivity. 

FIND: Show that for such materials, the total hemispherical emissivity, s, is 2/3 the total normal 
emissivity. 

SCHEMATIC: 



£9 t 




ANALYSIS: From Eq. 12.34, written on a total rather than spectral basis, the hemispherical 
emissivity s can be determined from the directional emissivity sq as 

nil 

With sq = £ n cos 6>, find 

tu/2 2 

£ = !£„ f cos ^sin 6&6 
n j Q 

s=-2 s n (cos 3 0/3) I = 2/3 s n < 

COMMENTS: (1) Refer to Fig. 12.16 illustrating on cartesian coordinates representative directional 
distributions of the total, directional emissivity for nonmetallic and metallic materials. In the 
schematic above, we've shown sq vs. 6 on a polar plot for both types of materials, in comparison 

with a diffuse surface. 

(2) See Section 12.4 for discussion on other characteristics of emissivity for materials. 
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PROBLEM 12.37 



KNOWN: Incandescent sphere suspended in air within a darkened room exhibiting these 
characteristics: 

initially: brighter around the rim 

after some time: brighter in the center 

FIND: Plausible explanation for these observations. 

ASSUMPTIONS: (1) The sphere is at a uniform surface temperature, T s . 



ANALYSIS: Recognize that in observing the 
sphere by eye, emission from the central region 
is in a nearly normal direction. Emission from 
the rim region, however, has a large angle from 
the normal to the surface. 



Note now the directional behavior, sq, for conductors and non-conductors as represented in Fig. 12.16 




Assume that the sphere is fabricated from a metallic material. Then, the rim would appear brighter 
than the central region. This follows since eq is higher at higher angles of emission. 



If the metallic sphere oxidizes with time, then the se characteristics change. Then eq at small angles of 
0 become larger than at higher angles. This would cause the sphere to appear brighter at the center 
portion of the sphere. 

COMMENTS: Since the emissivity of non-conductors is generally larger than for metallic materials, 
you would also expect the oxidized sphere to appear brighter for the same surface temperature. 
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PROBLEM 12.38 



KNOWN: Surface area, temperature, and emissivity of the heated surface A]. Surface area and 
orientation of area A 2 . Distance Li between the two surfaces. 

FIND: (a) Distance, L 2 , between the two surfaces associated with maximum irradiation on 
surface 2, when surface 1 emits diffusely with s = 0.85. (b) Distance associated with maximum 
irradiation, when the directional emissivity of surface 1 is s e = s n cos0. (c) Plot irradiation on 
surface 2 for 0 < L 2 < 10 m. 



SCHEMATIC: 



A 1 = 2x 10 4 m 2 
T 1 = 473 K 



9i 



= 1 m 



J 



A 2 = 10- 4 m 2 



ASSUMPTIONS: (1) Surfaces can be treated as differential areas. 

ANALYSIS: (a) Treating both surfaces as differential areas, from Eq. 12.2 and Example 12.1, 

CO2-1 = A 2 cos02/r 2 

Then from Eq. 12.6 (see Example 12.1) the total radiation from surface 1 to surface 2 is, 



qi-2= I e iAiCos9iK>2-i= (siE b i/7i:)A 1 cos0i(A2Cos02/r 2 ) 



(1) 



2 2 2 

Since cosO^ = cos 62 = L2 /r and r = L 1 + L 2 , Eq. (1) can be written 



qi-2 = (eiEbi /")A 1 A 2 L 2 2 /(L 2 + L 2 ) 2 



(2) 



We can find the value of L 2 corresponding to the maximum value of qi_ 2 by differentiating Eq. (2) 
with respect to L 2 and setting the derivative equal to zero, 



dqi-2 _ s l E bl 
dL2 n 



L 2,crit ~ L l 



A,A 2 



r 2L 2 (L^+L 2 2 )-4L 3 2 A 
(L 2 + L 2 2 ) 3 



Continued. . . 
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PROBLEM 12.38 (Cont.) 



(b) We repeat the calculation for the case in which surface 1 is no longer diffuse. The radiation 
heat transfer rate is still given by Eq. (2), except that the emissivity is the value for radiation in 
the direction corresponding to 0i. That is, 



qi-2 = (Snl cosGiEb! /t:)A 1 A 2 L 2 2 /(L 2 + L 2 ) 2 = (s nl E bl /t:)A 1 A 2 L 3 2 /(L 2 + L 2 ) 2 ' 5 



Differentiating Eq. (3), 
dqi-2 _ e nl E bl 



dL 2 



71 



A,A 2 



r 3\} 2 (L\+\} 2 )-5L 4 2 
(L 2 +L 2 2 ) 3 ' 5 



= 0 



(3) 



L 2 =V3/2L 1 =1.225L 1 < 
(c) Eqs. (2) and (3) were keyed into the IHT workspace and the following graph was generated. 



0.016 



0.012 



0.008 



0.004 




Diffuse 

Non-Diffuse 

COMMENTS: (1) The value of L 2jC rit is independent of the object's temperature or emissivity, 
but does depend on the directional nature of the emissivity. If the detector is calibrated to 
respond to the proximity of a diffuse object and the object emits as a typical non-metallic 
material, an error of (1.225 - 1)/1.225 = 18% results. (2) The value of L2, cr i t can be changed by 
changing the separation distance, Li. (3) The temperature and emissivity of the hotter surface 
must be relatively high, otherwise the reflected component will dominate and the device will not 
work. 
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PROBLEM 12.39 

KNOWN: Radiation thermometer responding to radiant power within a prescribed spectral interval 
and calibrated to indicate the temperature of a blackbody. 

FIND: (a) Whether radiation thermometer will indicate temperature greater than, less than, or equal to 
T s when surface has s < 1 , (b) Expression for T s in terms of spectral radiance temperature and spectral 
emissivity, (c) Indicated temperature for prescribed conditions of T s and s\. 

SCHEMATIC: 

Surface 

E a (O.6Smtt0=O.9 

Target viewed by 
-thermo7ne+er % A+. 



th 




ASSUMPTIONS: (1) Surface is a diffuse emitter, (2) Thermometer responds to radiant flux over 
interval dX about X. 

ANALYSIS: (a) The radiant power which reaches the radiation thermometer is 

qi=^U,b(^T s )-A t -« t CD 

where A t is the area of the surface viewed by the thermometer (referred to as the target) and co t the 
solid angle through which A t is viewed. The thermometer responds as if it were viewing a blackbody 
at Tx, the spectral radiance temperature, 

<lA=h,b{^A)- A f®V (2) 
By equating the two relations, Eqs. (1) and (2), find 

U,b(^T 2 ) = ^ b (A,T s ). (3) 

Since e^, < 1, it follows that Ix,tA, T\) < I^bO^ T s ) or that T^ < T s . That is, the thermometer will 
always indicate a temperature lower than the true or actual temperature for a surface with s < 1 . 

(b) Using Wien's law in Eq. (3), find 

I 2 (A,T) = -CyA' 5 exp(-C 2 / AT) 
n 

-Q/T 5 exp (-C 2 m x ) = s x - -Ci/T 5 exp (-C 2 / AT S ) . 

71 71 

Canceling terms (CiA, In), taking natural logs of both sides of the equation and rearranging, the 
desired expression is 

^ = ^" + 7^^. (4) < 

T s T 2 C 2 

(c) For T s = 1000K and s = 0.9, from Eq. (4), the indicated temperature is 

J- = J--A lnff;l= ^ °- 65 ^ m fa (0.9) T 2 =995.3K. < 

T A T s C 2 A 1000K 14,388//m-K v ' A 



That is, the thermometer indicates 5K less than the true temperature. 



Continued. 
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Problem 12.39 (Cont.) 



The ratio of the emissive power by Wien's law to that by the Planck law is, 
El,b,Wien l/exp(C 2 /AT) 
El,b,Planck l/[exp(C 2 //lT)-l]' 

For the condition AT = 0.65 Lim x 1000 K = 650 Lim-K, C 2 AT = 14388 Lim-K/650 Lim-K = 22.14 and 

E l,b|wien . l/exp(22.14) =Q995 < 
E A,b | Planck l/[exp(22.14)-l] 

Thus, Wien's spectral distribution is an excellent approximation to Planck's law for this situation. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.40 

KNOWN: Spectral distribution of emission from a blackbody. Uncertainty in measurement of 
intensity. 

FIND: Corresponding uncertainities in using the intensity measurement to determine (a) the surface 
temperature or (b) the emissivity. 

ASSUMPTIONS: Diffuse surface behavior. 

ANALYSIS: From Eq. 12.23, the spectral intensity associated with emission may be expressed as 

T - T s X^\ ln 

A 5 [exp(C 2 /AT)-l] 
(a) To determine the effect of temperature on intensity, we evaluate the derivative, 
d u e (e x Q / x) X 5 exp (C 2 / XT) (-C 2 / XI 2 ) 

~^T~ = 7Z~r Z ~ .n)2 



[/t 5 [exp(C 2 //lT)-l] 
ai^ e _(c 2 /AT 2 )exp(C 2 /AT) 



e 



5T exp(C 2 //lT)-l 
Hence, 

dT^ l-exp(-C 2 /lT) dl^g 
T " (C 2 /XT) l u 

With (dl^ e /l^ e ) = 0.1, C 2 =1.439 xl0 4 //m-K and X = l0jum, 



dT 
T 



l-exp(-1439K/T) 



xO.l 



1439K/T 

T = 500 K: dT/T = 0.033 -> 3.3% uncertainty < 

T = 1000 K: dT/T = 0.053 -> 5.3% uncertainty < 
(b) To determine the effect of the emissivity on intensity, we evaluate 

= U,b = 

S^A *X 

Hence, ^ = = 0. 10 -> 10% uncertainty < 

<vl l X,e 

COMMENTS: The uncertainty in the temperature is less than that of the intensity, but increases with 
increasing temperature (and wavelength). In the limit as C2MT — > 0, exp (- C2/XT) — > 1 - C2/XT and 

dT/T — » d I^e/I/U- The uncertainty in temperature then corresponds to that of the intensity 
measurement. The same is true for the uncertainty in the emissivity, irrespective of the value of T or 
X. 
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PROBLEM 12.41 

KNOWN: Temperature, thickness and spectral emissivity of steel strip emerging from a hot roller. 
Temperature dependence of total, hemispherical emissivity. 

FIND: (a) Initial total, hemispherical emissivity, (b) Initial cooling rate, (c) Time to cool to prescribed 
final temperature. 



SCHEMATIC: 



A 




frlZOOK Si . eel 



dE s + 6=3mrr7 f 0A 



0.6 



d-h 



O.Z5 



O 1 6 



ASSUMPTIONS: (1) Negligible conduction (in longitudinal direction), convection and radiation 
from surroundings, (2) Negligible transverse temperature gradients. 

PROPERTIES: Steel (given): p = 7900 kg/m 3 , c = 640 J/kg-K, s = 1200si/T (K). 

ANALYSIS: (a) The initial total hemispherical emissivity is 

q = j o °° s A [E Ah (l200)/E h (1200)] cU 

and integrating by parts using values from Table 12.1, find 

/IT = 1200 //m-K^F( 0 _ 1//m ) =0.002; AT = 7200 jum- K -> Ify-6//m) = 0.819 



^i=0.6x0.002 + 0.4(0.819-0.002) + 0.25(l-0.819) = 0.373. 
n an energy balance on a unit surface area of strip (top and bottom), 
-E out = dE st / dt -2«rT 4 = d ( p5cl) I dt 



dt 



dT^ 2qc7Ti _ -2(0.373)5.67x10 W/m • K (1200 K) 

— —5.78 K / s. 



)x P Sc 7900 kg/m 3 (0.003 m) (640 J/kg-K) 

(c) From the energy balance, 

dT_ 2g i (l200/T)o-T 4 r T f dT _ 2400^0- rt ^ _ pSc 
~dt~ pSc 'JTi ^3~ p Sc JO l ' 1 ~ 4800^0- 

1 1 



1 1 

T 2 T 2 

V f l J 



7900 kg/m 3 (0.003m) 640 J/kg-K 



4800 Kx0.373x5.67xl0" 8 W/m 2 -K 4 



v600 2 1200 2 



K~ 2 =311 s. 



COMMENTS: Initially, from Eq. 1.9, h r ~ s x aT^ = 36.6 W/m 2 -K. Assuming a plate width of W = 

3 

lm, the Rayleigh number may be evaluated from RaL = gP(T; - T^) (W/2) /va. Assuming T^ = 300 

g — 
K and evaluating properties at Tf = 750 K, RaL = 1.8 x 10 . From Eq. 9.31, Nul = 84, giving h = 9.2 

2 

W/m -K. Hence heat loss by radiation exceeds that associated with free convection. To check the 

2 

validity of neglecting transverse temperature gradients, compute Bi = h(8/2)/k. With h = 36.6 W/m -K 
and k = 28 W/m-K, Bi = 0.002 « 1. Hence the assumption is valid. 
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PROBLEM 12.42 



KNOWN: Large body of nonluminous gas at 1200 K has emission bands between 2.5 - 3.5 |im and 
between 5-8 |im with effective emissivities of 0.8 and 0.6, respectively. 

FIND: Emissive power of the gas. 

SCHEMATIC: 




ASSUMPTIONS: (1) Gas radiates only in specified bands, (2) Emitted radiation is diffuse. 
ANALYSIS: The emissive power of the gas is 

Eg=^ b (T g ) = | o G °^ b (T g )d2 

Eg = j 2 3 5 5 e u E^ h (T g )dA + f 5 ^, 2 E 1 , b (T g )d2 

Eg = [ f l F (2.5-3.5//m) + ^2 F (5-8//m)]^ T g • 

Using the blackbody function F(o-vr) from Table 12.1 with T g = 1200 K, 

^T(Lim-K) 2.5 x 1200 3.5 x 1200 5 x 1200 8 x 1200 

3000 4200 6000 9600 

F(O-VT) 0.273 0.516 0.738 0.905 

so that 

F (2.5-3.5//m) = F (0-3.5//m)- F (0-2.5//m) =0.516-0.273 = 0.243 
F (5-8//m) = F (0-8//m)- F (0-5//m) =0.905-0.738 = 0.167. 
Hence the emissive power is 

E g = [0.8 x 0.243 + 0.6 x 0. 167] 5.67 x 10" 8 W / m 2 • K 4 (1200 K) 4 

E g = 0.295 x 1 17, 573 W / m 2 = 34, 684 W / m 2 . < 

COMMENTS: Note that the effective emissivity for the gas is 0.295. This seems surprising since 
emission occurs only at the discrete bands. Since X max = 2.4 urn, all of the spectral emissive power is 
at wavelengths beyond the peak of blackbody radiation at 1200 K. 
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PROBLEM 12.43 

KNOWN: An opaque surface with prescribed spectral, hemispherical reflectivity distribution is 
subjected to a prescribed spectral irradiation. 

FIND: (a) The spectral, hemispherical absorptivity, (b) Total irradiation, (c) The absorbed radiant 
flux, and (d) Total, hemispherical absorptivity. 

SCHEMATIC: 



1.0 T 
0.5t 

0 



600" 



1 I 1 > \( M m) 

5" 10 15 20 




10 IS 20 



ASSUMPTIONS: (1) Surface is opaque. 

ANALYSIS: (a) The spectral, hemispherical absorptivity, ax, for an opaque surface is given by Eq. 
12.58, 

which is shown as a dashed line on the p\ distribution axes. 

(b) The total irradiation, G, follows from Eq. 12.14 which can be integrated by parts, 



nO/jm 



1 W W 1 W 

G=-x600 — (5-0)//m + 600 — (l0-5)//m + -x600— x (20- 10) /an 

2 m . //m m . ^ m 2 



m 2 • jum 
G=7500 W/m : 



m 2 • /um 



(c) The absorbed irradiation follows from Eqs. 12.43 and 12.44 with the form 

„ r co r5//m _ , „ flOum „ „ f20/mi „ „ 



Noting that ai = 1.0 for X = 0 — > 5 Lxm, G^,2 = 600 W/m -Lxm for A = 5 — > 10 ixm and 0,3 = 0 for X > 
10 Lxm, find that 

Gabs = 1 -0(o.5 x 600 W / m 2 • jumj (5 - 0) //m + 600 W / m 2 • //m (0.5 x 0.5) (10 - 5) //m + 0 

G abs =2250 W/m 2 . < 

(d) The total, hemispherical absorptivity is defined as the fraction of the total irradiation that is 
absorbed. From Eq. 12.45, 

G abs 2250 W/m 2 n nn . 
a = _aos_ = - = 0.30. < 

G 7500 W/m 2 

COMMENTS: Recognize that the total, hemispherical absorptivity, a = 0.3, is for the given spectral 
irradiation. For a different G^, one would then expect a different value for a. 
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PROBLEM 12.44 



KNOWN: Temperature and spectral emissivity of small object suspended in large furnace of prescribed 
temperature and total emissivity. 

FIND: (a) Total surface emissivity and absorptivity, (b) Reflected radiative flux and net radiative flux to 
surface, (c) Spectral emissive power at X = 2 Lxm, (d) Wavelength Xm for which one-half of total emissive 
power is in spectral region X > Xm. 



SCHEMATIC: 




0.1 

E * 0.7 - 
0.5 - 



e 1 = 0.7 



8 2 = 0.5 
— >- 



2 3 
X (jam) 



ASSUMPTIONS: (1) Surface is opaque and diffuse, (2) Walls of furnace are much larger than object. 
ANALYSIS: (a) The emissivity of the object may be obtained from Eq. 12.36, which is expressed as 



*(T S ) = ^ ^r-y^ = *i 



Eb(T) 



+ ^2 



"^0->3/«n) 



E(0->3//m) _R (0->l//m) 

where, with X{T S = 400 um-K and A, 2 T S = 1200 um-K, F (0 ^i um) = 0 and E^o-^m) = 0-002. Hence, 

s (T s ) = 0.7 (0.002) + 0.5 (0.998) = 0.500 < 
The absorptivity of the surface is determined by Eq. 12.44, 

(^)Gi (A)(U \"a x (X)E Xib (A,T f )<U 



a = 



roo , x 



E b (Tf) 



Hence, with X{T { = 2000 um-K and A, 2 T f = 6000 um-K, F (0 ^i^ m) = 0.067 and E 
follows that 



(0-»3//m) 



= 0.738. It 



F (0->3//m) "^O-^I/oti) 



«2 



1-E 



(b) The reflected radiative flux is 



(0->3//m) 



G ref = /7G = (l - a) E b (T f ) = 0.399x5.67x10 6 W/m 2 - K 4 (2000K)* = 3.620x 10 3 W/m 

The net radiative flux to the surface is 

%ad = G " P G ~ £ E b ( T s ) = aE b ( T f ) " sE b ( T s ) 

0.60 1 ( 2000 K) 4 - 0.500 ( 400 K ) 4 



= 0.7x0.671 + 0.5x0.262 = 0.601 < 



q[. ad =5.67x10 °W/m 2 -K 4 



5.438 xlO 5 W/m 2 



(c) At X = 2 urn, XT S = 800 K and, from Table 12.1, l Xb (X,T)/aT 5 = 0.991 x 10" 7 (um-K-sr) 1 . Hence, 

Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.44 (Cont.) 



_7 _» W/m -K s W 

h,b =0.991x10 x5.67xl0 8 ^ x ( 400 K f = 0.0575- 



,«m-K-sr m 2 -//m-sr 
Hence, with E x = e x E Xib = E x nI Kb , 

E A = 0.7 (?rsr) 0.0575 w/ m 2 • jum ■ sr = 0. 126 w/ m 2 • //m < 
(d) From Table 12.1, F ( o->x) = 0.5 corresponds to ^T s « 4100 ixm-K, in which case, 

/l 1/2 ~4100//m-K/400K*10.3//m < 

COMMENTS: Because of the significant difference between T f and T s , a ^ s. With increasing T s — > T f , 
8 would increase and approach a value of 0.601. 
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PROBLEM 12.45 

KNOWN: Small flat plate maintained at 400 K coated with white paint having spectral absorptivity 
distribution (Figure 12.22) approximated as a stairstep function. Enclosure surface maintained at 3000 K 
with prescribed spectral emissivity distribution. 

FIND: (a) Total emissivity of the enclosure surface, s es , and (b) Total emissivity, s, and absorptivity, a, 
of the surface. 



SCHEMATIC: 



Coated plate 



Enclosed surface 



0.96 
0.75 

X X 
0.15 |- 
0 



0.4 



3.0 



0.9 



0.2 
0 



2.0 



X,(nm) 



ASSUMPTIONS: (1) Coated plate with white paint is diffuse and opaque, so that ax = Ex,, (2) Plate is 
small compared to the enclosure surface, and (3) Enclosure surface is isothermal, diffuse and opaque. 

ANALYSIS: (a) The total emissivity of the enclosure surface at T es = 3000 K follows from Eq. 12.36 
which can be expressed in terms of the bond emission factor, F (0 .xt> Eq. 12.28, 

*e,s =^0-l 1 T es ) + ^[l-Ito-A 1 T es )] =0.2x0.738 + 0.9[l-0.738] = 0.383 < 
where, from Table 12. 1, with X{T es = 2 urn x 3000 K = 6000 um-K, F (0 ^ T ) = 0.738. 
(b) The total emissivity of the coated plate at T = 400 K can be expressed as 



* = «l F (0-l lTs ) + «2 L^O-^T, ) " F (0-1,T S ) 



+ a 3 



" F (0-^ 2 T S ). 



e = 0.75 x 0 + 0. 15 [0.002134 - 0.000] + 0.96[l - 0.002134] = 0.958 
where, from Table 12. 1, the band emission factors are: for X{T S = 0.4 x 400 = 160 um-K, find 
F(0-A{T s ) = 0 - 00 °; for ^T es = 3.0 x 400 = 1200 um-K, find ^0-^ 2 T s ) = °- 002134 - The total 
absorptivity for the irradiation due to the enclosure surface at T es = 3000 K is 



« = «l F (0-^T es ) + «2 [ F (0-A 2 T es ) " F (0-A 2 T es ) 



■«3 



F (0-A 2 T es X 



a = 0.75 x 0.0021 34 + 0. 15 [0.8900 - 0.002134] + 0.96 [l - 0.8900] = 0.240 < 
where, from Table 12.1, the band emission factors are: for ^iT es = 0.4 x 3000 = 1200 um-K, find 
Jto-^T^ ) = 0.002134; for ^ 2 T es = 3.0 x 3000 = 9000 um-K, find ^p-A 2 T ea )= 0-8900. 

COMMENTS: (1) In evaluating the total emissivity and absorptivity, remember that 8 = e(e x ,T s ) and a 

= <x(<X\, G\) where T s is the temperature of the surface and Gx is the spectral irradiation, which if the 
surroundings are large and isothermal, Ga. = E bj x(T sur ). Hence, a = a(a^ ,T sur ). For the opaque, diffuse 
surface, ax-Ex- 

(2) Note that the coated plate (white paint) has an absorptivity for the 3000 K-enclosure surface 
irradiation of a = 0.240. You would expect it to be a low value since the coating appears visually 
"white". 

(3) The emissivity of the coated plate is quite high, s = 0.958. Would you have expected this of a 
"white paint"? Most paints are oxide systems (high absorptivity at long wavelengths) with pigmentation 
(controls the "color" and hence absorptivity in the visible and near infrared regions). 
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PROBLEM 12.46 

KNOWN: Area, temperature, irradiation and spectral absorptivity of a surface. 

FIND: Absorbed irradiation, emissive power, radiosity and net radiation transfer from the surface. 

SCHEMATIC: 

%=400K 



\Cr s =lZOOW/n£. 




O.& 



0 051 IS Z.0 *%f um ) 



ASSUMPTIONS: (1) Opaque, diffuse surface behavior, (2) Spectral distribution of solar radiation 
corresponds to emission from a blackbody at 5800 K. 



ANALYSIS: The absorptivity to solar irradiation is 

j 0 °° <* X G X U j; a A E Ah (5800 K)dA 



a s =- 



«l F (0.5^1//m)+«2F(2^oo)- 



From Table 12.1, 



^T = 2900 Lim-K: 
^T = 5800 Lim-K: 
XT = 11,600 nm K: 

a s =0.8 (0.720 -0.250) + 0.9 (1-0.941) = 0.429. 

Hence, G abs = a s G s = 0.429^1200 W/m 2 ) = 515 W/ 

The emissivity is 

£ = £ ^ Elb ( 40 ° K ) d2/E b = ^l F (0.5^1//m) +^2 F (2^oo) 



F(0 -> 0.5 |jm) = 0.250 
F(0->1 N = 0.720 
F(0^ 2 urn) = 0.941 



From Table 12.1, 



^T = 200 Lim-K: 
^T = 400 Lim-K: 
XT = 800 Lim-K 



F (0 -> 0.5 urn) = 0 
F(0 -> 1 urn) = 0 
F(0 -> 2 urn) = 0. 



Hence, 8 = £2 = 0.9, 

E = «rT s 4 =0.9x5.67 xl0" 8 W/m 2 K 4 (400 K) 4 =1306 W/m 2 . 

The radiosity is 

J = E + psG s =E + (l-a s )G s =[1306 + 0.571x1200] W/m 2 =1991 W/m 2 . 
The net radiation transfer from the surface is 

qnet =( E -«S G s) A s = (1306-515) W/m 2 x 4 m 2 = 3164 W. 

COMMENTS: Unless 3164 W are supplied to the surface by other means (for example, by 
convection), the surface temperature will decrease with time. 



< 
< 
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PROBLEM 12.47 

KNOWN: Temperature and spectral emissivity of a receiving surface. Direction and spectral 
distribution of incident flux. Distance and aperture of surface radiation detector. 

FIND: Radiant power received by the detector. 

SCHEMATIC: 

A. 



t\j-10~ S m* 




0.9 
0.5 



10 



ASSUMPTIONS: (1) Target surface is diffuse, (2) A d /L « 1. 

ANALYSIS: The radiant power received by the detector depends on emission and reflection from the 
target. 

qd = W A s cos# d _ s A« d _ s 

_ saT*+pG A d 

Hd ~ A s 

n L 



e = 



j* 0 ^EAb(700 K)(U 

E b (700 K) -^3->10^m) +^10->oo)- 

From Table 12.1, XT = 2100 um-K: F (0 _> 3 ^ m ) = 0.0838 

XT — 7000 um-K: F (0 _> 10 m ) = 0.8081. 

The emissivity can be expected as 

e = 0.5 (0.808 1 - 0.0838) + 0.9 (l - 0.808 1) = 0.535. 

Also, 



> = ^ = m = lx] 



G q 
p = 1x0.4 + 0.5x0.6 = 0.70. 



7 (l^3//m) +0 - 5xF (3^6//m) 



Hence, with G = q cos 6 X = 866 W / m , 

0.535x5.67xl0" 8 W/m 2 - K 4 (700 K) 4 + 0.7x866 W/m 2 _ 4 2 10" 5 m 2 



qd = 



q d =2.51xl0" b W. 



-10"W 



n 



(lm)< 



COMMENTS: A total radiation detector cannot discriminate between emitted and reflected radiation 
from a surface. 
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PROBLEM 12.48 

KNOWN: Small disk positioned at center of an isothermal, hemispherical enclosure with a small 
aperture. 

FIND: Radiant power [|4W] leaving the aperture. 
SCHEMATIC: 



R=100r. 




\~&l=4S° Aper+ur-e (A z ),D z =2 mm 

! y \ 

/ V — Hemispherical enclosure (A^ t 
\ ~£=300K } a s =0.&5 

■Bisk (Aj), 77= 9O0K, D^Smm t s t =0.7 

ASSUMPTIONS: (1) Disk is diffuse-gray, (2) Enclosure is isothermal and has area much larger than 
disk, (3) Aperture area is very small compared to enclosure area, (4) Areas of disk and aperture are 
small compared to radius squared of the enclosure. 

ANALYSIS: The radiant power leaving the aperture is due to radiation leaving the disk and to 
irradiation on the aperture from the enclosure. That is, 

qap = qi^2+G 2 -A 2 . (1) 

The radiation leaving the disk can be written in terms of the radiosity of the disk. For the diffuse disk, 

qi->2 =- J r A l cos 01-02-1 ( 2 ) 

n 

and with s = a for the gray behavior, the radiosity is 

Jl = s x E b (T1 ) + p G1 = s x a T 4 + (l - s x ) a T 4 (3) 

where the irradiation Gi is the emissive power of the black enclosure, Eb (T3); Gi = G2 = Eb (T3). 
The solid angle 002 - 1 follows from Eq. 12.2, 

« 2 -l=A 2 /R 2 . (4) 

4 

Combining Eqs. (2), (3) and (4) into Eq. (1) with G2 = (TT3 , the radiant power is 



q ap 
q ap 



1 

— a 
n 



filT^ + fl-fiijT- A 1 cos# 1 -^§- + A 2 crT 4 
J R 



l Kfn m-8 W 
— 5.67x10 



m 2 -K 4 



0.7 (900K) 4 + (1 - 0.7) (300K) 4 ^(0.005m) 2 cos 45 c 



^/4(0.002m) 2 n . , 2 _ R 2 4/ A 
i J— + -(0.002m) z 5.67 x 10 W/m -K (300K) 4 



(0.100m) 

q ap = (36.2 + 0. 19 + 1443) pW = 1479 pW. < 

COMMENTS: Note the relative magnitudes of the three radiation components. Also, recognize that 
the emissivity of the enclosure 83 doesn't enter into the analysis. Why? 
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PROBLEM 12.49 

KNOWN: Spectral, hemispherical absorptivity of an opaque surface. 

FIND: (a) Solar absorptivity, (b) Total, hemispherical emissivity for T s = 340K. 

SCHEMATIC: 



J 

0.9- 












o.i- 




i 1 


oc 3 

1 



0.3 



1.5 



ASSUMPTIONS: (1) Surface is opaque, (2) = ax, (3) Solar spectrum has Gx = Gx,S proportional 
to E x ,b (K 5800K). 

ANALYSIS: (a) The solar absorptivity follows from Eq. 12.47. 

«S = J 0 °° « 1 (l)E /l)b (A,5800K)dA/J o 00 E 1)b (2,5800K)dA. 



The integral can be written in three parts using F(q _> x) terms. 

a S = a \ F (0^0.3//m) + a 2 [ F (0^1.5//m) ~ F (0^0.3//m) 
From Table 12.1, 



+ «3 



1-F, 



(0->1.5//m) 



XT = 0.3 x 5800 = 1740 Lim-K 
AT = 1.5 x5800 = 8700 um-K 



F(0 -> 0.3 urn) = 0.0335 
F(0-> 1.5 urn) = 0.8805. 



Hence, 



a s = Ox 0.0355 + 0.9 [0.8805 - 0.0335] + 0.l[l- 0.8805] = 0.774. < 
(b) The total, hemispherical emissivity for the surface at 340K will be 

e = j Q e x (A) ( A, 340K) dA / E b (340K) . 

If &x - a X, then using the distribution above, the integral can be written in terms of F(o x) values. 
It is readily recognized that since 

F (0^1.5//m,340K) « 0.000 at AT = 1.5x340 = 510//m-K 

there is negligible spectral emissive power below 1.5 Lxm. It follows then that 

e = ex=ax=0.1 < 

COMMENTS: The assumption s^, = can be satisfied if this surface were irradiated diffusely or if 
the surface itself were diffuse. Note that for this surface under the specified conditions of solar 
irradiation and surface temperature as * s. Such a surface is referred to as a spectrally selective 
surface. 
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PROBLEM 12.50 

KNOWN: Spectral distribution of the absorptivity and irradiation of a surface at 1000 K. 

FIND: (a) Total, hemispherical absorptivity, (b) Total, hemispherical emissivity, (c) Net radiant flux 
to the surface. 

SCHEMATIC: 



1000K 




0.6 f 



2 4 




ASSUMPTIONS: (l)a x = £x. 
ANALYSIS: (a)FromEq. 12.44, 

•2//m r4//m r6//m 

a = 



\q a I G A d A ^ | Q 2//m a i G A dX + j* Mm a x G A dl + j^ Mm a A G A dl 



r4//m 



6//m 



(•00 

Jo 

0x1/2(2-0)5000 + 0.6(4-2)5000 + 0.6x1/2(6-4)5000 
l/2(2-0)5000 + (4-2)(5000) + 1/2(6-4)5000 

9000 ... 
a = = 0.45. 



(2 = 



20,000 
(b) From Eq. 12.36, 

J 0 ° D gA E A>b (U _ 0j 0 2//m E A> b(U 0.6j^E A>b (U 

E b E b E b 



£• = 



^ = °- 6F (2//m^oo) =°- 6 [ 1 - F (0^2//m) 
From Table 12.1, with XT = 2 urn x 1000K = 2000 um-K, find F (0 _> 2 nm) = 0.0667. Hence, 

f = 0.6[l- 0.0667] = 0.56. 
(c) The net radiant heat flux to the surface is 
qrad,net = ocG - E = aG -saT 4 

q r ad,net = °- 45 ( 20 > 000 W / m 2 ) - 0.56 x 5.67 x 10" 8 W / m 2 • K 4 x (1000K) 4 
q radnet =(9000- 31,751) W/m 2 =-22,751 W/m 2 . 
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PROBLEM 12.51 

KNOWN: Spectral distribution of surface absorptivity and irradiation. Surface temperature. 
FIND: (a) Total absorptivity, (b) Emissive power, (c) Nature of surface temperature change. 
SCHEMATIC: 



T=1250K t 



03" 



0.4 



5000" 



O 2. 5 JO 




O Z S 10 



ASSUMPTIONS: (1) Opaque, diffuse surface behavior, (2) Convection effects are negligible. 
ANALYSIS: (a) From Eqs. 12.43 and 12.44, the absorptivity is defined as 

f 00 fOO 

«-G abs /G = j o a x G x Ml\ Q G A (U. 
The absorbed irradiation is, 

G abs =0.4|5000W/m 2 -//mx2//mJ/2 + 0.8x5000W/m 2 -//m(5-2)//m + 0 = 14,000 W/m 2 . 
The irradiation is, 

G = (2//mx5000 W/m 2 //mJ/2 + (lO-2)//mx5000 W/m 2 -//m = 45,000 W/m : 

Hence, a = 14,000 W/m 2 /45, 000 W/m 2 = 0.31 1. < 

(b) From Eq. 12.36, the emissivity is 

e = JT ex El,b M I E b = 0.4 f 2 E A>b dA I E b + 0.8 J 5 dA / E b 



JO 

From Table 12.1, 



JO 

XT =2 Lim x 1250K = 2500K, 
XT = 5 Lim x 1250K = 6250K, 



F ( o_2) = 0.162 
F (0 -5) = 0.757. 



Hence, e = 0.4 x 0. 162 + 0.8 (0.757 - 0. 162) = 0.54. 



E = sE b =saT 4 = 0.54 x 5.67 x 10" 8 W / m 2 • K 4 (1250K) 4 = 74, 75 1 W / m 2 
(c) From an energy balance on the surface, the net heat flux to the surface is 
q net =aG-E = (l4,000-74,75l)W/m 2 = -60,751 W /m 2 . 

Hence the temperature of the surface is decreasing. 

COMMENTS: Note that a * s. Hence the surface is not gray for the prescribed conditions. 
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PROBLEM 12.52 

KNOWN: Power dissipation temperature and distribution of spectral emissivity for a tungsten 
filament. Distribution of spectral absorptivity for glass bulb. Temperature of ambient air and 
surroundings. Bulb diameter. 

FIND: Bulb temperature. 

SCHEMATIC: 



T sur = 25°C 

Tungsten filament 
T = 3000 K, 8f 



Tqo = 25°C Clconv 



qrad.o | 




Glass bulb, T s — -\ 
D = 75 mm, 8b 

0.1 

Peiec = 75 W 0 



0.4 



a2 



a 3 



2.0 



k (|um) 



ASSUMPTIONS: (1) Steady-state, (2) Uniform glass temperature, T s , and uniform irradiation of 
inner surface, (3) Surface of glass is diffuse, (4) Negligible absorption of radiation by filament due to 
emission from inner surface of bulb, (5) Net radiation transfer from outer surface of bulb is due to 
exchange with large surroundings, (6) Bulb temperature is sufficiently low to provide negligible 
emission at X < 2/jm, (7) Ambient air is quiescent. 

PROPERTIES: Table A-4, air (assume T f = 323 K): v= 1.82 x 10" 5 m 2 /s, a = 2.59 x 10" 5 m 2 /s,k = 
0.028 W/m-K, /?= 0.0031 K \ Pr = 0.704. 

ANALYSIS: From an energy balance on the glass bulb, 



Qrad,i ~~ Qrad,o + Qconv ~~ ^b* 7 ( T sur j + h (T s T^ ) 



(1) 



where s\y = s^yl/um = a A>2jUm = 1 an ^ h is obtained from Eq. (9.35) 



Nu D =2 + 



0.589 Ra 



1/4 
D 



1 + (0.469 /Pr) 



9/16 



hD 

479 "IT 



(2) 



with Ra D = g/?(T s - )D Iva. Radiation absorption at the inner surface of the bulb may be 
expressed as 



qrad,i = aG = a[? e \ ec I ttW 



(3) 



where, from Eq. (12.44), 
•0.4 



a = a l ^ A (G A /G)dA + a 2 ^(G A /G)dA + a 3 ^(G A /G)dA 



Continued 
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PROBLEM 12.52 (Cont.) 

The irradiation is due to emission from the filament, in which case (G^/G) ~ (E^/E)f = (sf ^E^b/ffEb). 
Hence, 

a = («j Is f ) J o °' 4 e ftX (E A b / E b ) cU + (a 2 I e f ) s f A (e^ / E b ) cU + (« 3 / * f ) J" e t x (e^ / E b ) cU (4) 

where, from the spectral distribution of Problem 12.23, s^x = s\ = 0.45 for A < 2/um and = £2 = 
0.10 for A>2jum. From Eq. (12.36) 

£f = $q £f,A ( E A,b /E b )dA = s x F( 0 ^ 2//m ) + s 2 (l - F( 0 ^ 2//m ) ) 

With /lT f = 2//mx3000 K = 6000 //m-K, F( 0 ^ 2/ym ) =0.738 from Table 12.1. Hence, 

s f =0.45x0.738 + 0.1(1-0.738) = 0.358 
Equation (4) may now be expressed as 

a = (a l /s i ) S X Ify->0.4 M m) + ( a 2 1 H ) £ \ " ^O^O.^m) ) + («3 ' H ) £ 2 ( l ~ ) 

where, with AT = 0.4/an x 3000 K = 1200 /an-K, F (0 ^ 0AjUm) = 0.0021. Hence, 

a = (l/0.358)0.45x0.0021 + (0.1/0.358)0.45x(0.738-0.002l) + (l/0.358)0.l(l-0.738) = 0.168 

Substituting Eqs. (2) and (3) into Eq. (1), as well as values of £b = 1 and a - 0.168, an iterative 
solution yields 

T s =348.1 K < 

COMMENTS: For the prescribed conditions, q radi =713 W/m 2 , q rad o =385.5 W/m 2 and 
q° com =327.5 W/m 2 . 
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PROBLEM 12.53 



KNOWN: Spectral emissivity of an opaque, diffuse surface. 

FIND: (a) Total, hemispherical emissivity of the surface when maintained at 1000 K, (b) Total, 
hemispherical absorptivity when irradiated by large surroundings of emissivity 0.8 and temperature 1500 
K, (c) Radiosity when maintained at 1000 K and irradiated as prescribed in part (b), (d) Net radiation 
flux into surface for conditions of part (c), and (e) Compute and plot each of the parameters of parts (a)- 
(c) as a function of the surface temperature T s for the range 750 < T s < 2000 K. 

SCHEMATIC: 



0.8 



0.3 - 



£ L1 



e X,2 



0 



ASSUMPTIONS: (1) Surface is opaque, diffuse, and (2) Surroundings are large compared to the 
surface. 

ANALYSIS: (a) When the surface is maintained at 1000 K, the total, hemispherical emissivity is 
evaluated from Eq. 12.36 written as 

e = J7 ^A,b (T) d2/E b (T) = s u j^ 1 E Ah (T) dl/E b (T) + e^j™ E^ b (T) dl/E b (T) 

8 = ^A.l^O-^T) + 6 %2 C 1 " F (0-%T) ) 
where for XT = 6um x 1000 K = 6000um-K, from Table 12.1, find I^_ AT =0.738. Hence, 

s = 0.8 x 0.738 + 0.3(1 - 0.738) = 0.669. < 

(b) When the surface is irradiated by large surroundings at T SU1 = 1500 K, G = E b (T sur ). 
From Eq. 12.44, 

roo /f 00 f 00 / 

« = J 0 a X G X AX /\ Q G ^ dA = J 0 ^ E i,b( T sur) d -V E b( T sur) 

a = ^,l F (0-^T sur ) + £ X,2 C 1 " F (0-^T sur ) ) 
where for X{Y, W = 6 Lim x 1500 K = 9000 Lim-K, from Table 12.1, find F (0 _ /lX) = 0.890 . Hence, 

a = 0.8 x 0.890 + 0.3 (1 - 0.890) = 0.745. < 
Note that a x = e x for all conditions and the emissivity of the surroundings is irrelevant. 

(c) The radiosity for the surface maintained at 1000 K and irradiated as in part (b) is 

J = sE b (T) + pG = sE b (T) + (1 - a)E b (T sur ) 

J = 0.669 x 5.67 x 10" 8 W/m 2 -K 4 (1000 K) 4 + (1 - 0.745) 5.67 x 10" 8 W/m 2 -K 4 (1500 K) 4 
J = (37,932 + 73,196) W/m 2 = 111,128 W/m 2 < 

Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.53 (Cont.) 



aG 



J 

pG sE b 



(d) The net radiation flux into the surface with G = crT sur is 

q"rad,in = aG - sE b (T) = G-J 

q"rad,m = 5.67 x 10" 8 W/m 2 K (1500 K) 4 - 111,128 W/m 2 
q"rad,m = 175,915 W/m 2 . < 

(e) The foregoing equations were entered into the IHT workspace along with the IHT Radiaton Tool, 
Band Emission Factor, to evaluate F (0 _ XT) values and the respective parameters for parts (a)-(d) were 

computed and are plotted below. 




500 1000 1500 2000 

Surface temperature, Ts (K) 

— ©— Emissivity, eps 

Absorptivity, alpha; Tsur = 1500K 

Note that the absorptivity, a = «(«^,T sur ) , remains constant as T s changes since it is a function of 
aji (or e% ) and Tsur only. The emissivity s = s{sx > T s ) is a function of T s and increases as T s 
increases. Could you have surmised as much by looking at the spectral emissivity distribution? At what 
condition is s = a? 



1E6 



500000 



a 
cr 
o 




-5E5 

500 1000 1500 2000 

Surface temperature, Ts (K) 

Radiosity, J (W/m"2) 

o Net radiation flux in, q'Yadin (W/m A 2) 

The radiosity, Ji increases with increasing T s since E b (T) increases markedly with temperature; the 
reflected irradiation, (1 - a)E b (T sur ) decreases only slightly as T s increases compared to E b (T). Since G is 
independent of T s , it follows that the variation of q ra d,i n wm be due to the radiosity change; note the sign 
difference. 

COMMENTS: We didn't use the emissivity of the surroundings (e = 0.8) to determine the irradiation 
onto the surface. Why? 
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PROBLEM 12.54 



KNOWN: Furnace wall temperature and aperture diameter. Distance of detector from aperture and 
orientation of detector relative to aperture. 

FIND: (a) Rate at which radiation from the furnace is intercepted by the detector, (b) Effect of 
aperture window of prescribed spectral transmissivity on the radiation interception rate. 



SCHEMATIC: 



1^=1500 K~ 



Aperfure, D^O.OZm, 
-Am-* <L£ As =10~ S mi 




ASSUMPTIONS: (1) Radiation emerging from aperture has characteristics of emission from a 
blackbody, (2) Cover material is diffuse, (3) Aperture and detector surface may be approximated as 
infinitesimally small. 

ANALYSIS: (a) From Eq. 12.7, the heat rate leaving the furnace aperture and intercepted by the 
detector is 

q = I e A a cos^« s _ a . 
From Eqs. 12.12 and 12.26 

E b (T f ) o-T f 4 5.67xl0" 8 (l500) 4 4 2 

I e = bV tJ = £- = i ^- = 9.14xl0 4 W/m 2 -sr. 



n 



n 



n 



From Eq. 12.2, 



cos 30° x 0.707x10 5 sr = 1.76x10 4 W. < 



An, = A s -cosgz = 10- 5 m 2 xcos45° 5 gr 

S a r 2 r 2 (1m) 2 

Hence 

q = 9.14xl0 4 W/m 2 -sr ;r(0.02m) 2 /4 
(b) With the window, the heat rate is 

q = r(l e A a cos6^« s _ a ) 
where x is the transmissivity of the window to radiation emitted by the furnace wall. From Eq. 12.53, 

(•GO (-GO / \ 

J 0 uGa<^ J Q ^E^ jb (T f )(U 



T = ■ 



roo roo 



= 0.8j 0 (E^ b /E b )d2 = 0.8F (0 ^ 2//m) . 



With XT = 2 Lim x 1500K = 3000 Lim-K, Table 12.1 gives F (0 _> 2 M m) = 0.273. Hence, with x = 0.273 
x 0.8 = 0.218, find 

q = 0.218xl.76xlO" 4 W = 0.384xlO" 4 W. < 
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PROBLEM 12.55 



KNOWN: Approximate spectral transmissivity of 1-mm thick liquid water layer. 

FIND: (a) Transmissivity of a 1-mm thick water layer adjacent to surface at the critical 
temperature (T s = 647.3 K), (b) Transmissivity of a 1-mm thick water layer subject to irradiation 
from a melting platinum wire (T s = 2045 K), (c) Transmissivity of a 1-mm thick water layer 
subject to solar irradiation at T s = 5800 K. 



SCHEMATIC: 



1.0 



T, 0.5 



x, , = 0.99 



x,, = 0- 



= 0.54 



1 1.2 
A.(nm) 



ASSUMPTIONS: Irradiation is proportional to that of a blackbody. 
ANALYSIS: The transmissivity is 



/•co C pi. 8 pco 



- + - 



- + - 



or 



x ~ T X,lP(0-1.2jun) + T X,2p(1.2-1.8nm) + x ;uF(1.8pjii-a>) 



where F( 1 .2.i. 8(U n) = F 1 



(0- 1.8nm) 



F(0 - 1.2nm) an d F(i.8 M m - oo) — 1 " F(Q - l.2(un) " F(1.2 - 1.: 



8um) 



(a) For a source temperature of 647.3 K, 



(0- 1.2um) 



= 1.414 x 10°, F 



(0- 1.8um) 



= 0.001818 



x = 0.99 x 1.414 x 10" 5 + 0.54 x (0.001818 - 1.414 x 10" 5 ) = 0.00099 

(b) For a source temperature of 2045 K, 

F (0 -i.2^m)= 0.1518, F (0 . i.8^) = 0.4197 

x = 0.99 x 0.1518 + 0.54 x (0.4197 - 0.1518) = 0.295 

(c) For a source temperature of 5800 K, 

F ( o-i.2^m)= 0.8057, F,p.i W = 0.9226 

x = 0.99 x 0.8057 + 0.54 x (0.9226 - 0.8057) = 0.861 



COMMENTS: Liquid water may be treated as opaque for most engineering applications. 
Exceptions include applications involving solar irradiation, irradiation from very high 
temperature plasmas that can achieve temperatures at tens of thousands of kelvins, and situations 
involving very thin layers of liquid water. 
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PROBLEM 12.56 

KNOWN: Spectral transmissivity of a plain and tinted glass. 

FIND: (a) Solar energy transmitted by each glass, (b) Visible radiant energy transmitted by each with 
solar irradiation. 



SCHEMATIC: 



0.9- 




o.s as 



1.5 2J5 



Pla 

l~/n-hed g/ass 



ASSUMPTIONS: (1) Spectral distribution of solar irradiation is proportional to spectral emissive 
power of a blackbody at 5800K. 

ANALYSIS: To compare the energy transmitted by the glasses, it is sufficient to calculate the 
transmissivity of each glass for the prescribed spectral range when the irradiation distribution is that of 
the solar spectrum. From Eq. 12.55, 

^S = J 0 °° ^ • Gl,S^ / J 0 °° = J 0 °° ^ • E 1)b (2, 5800K) d2 / E b (5800K) . 

Recognizing that x\ will be constant for the range A,i — >X 2 , using Eq. 12.29, find 

r S = n ■ F( ^ ) = n [F(o^ 2 ) " F (0^ ) 
(a) For the two glasses, the solar transmissivity, using Table 12.1 for F, is then 



Plain glass: 


X 2 = 2.5 urn X 2 T = 2.5 urn x 5800K 


= 14,500 Lim-K 


F(o XI) 


=: 0.966 




}q = 0.3um Xi T = 0.3 Lim x 5800K 


= 1,740 Lim-K 


F (0^%) 


= 0.033 




t s = 0.9 [0.966 - 0.033] = 0.839. 






< 


Tinted glass: 


^2=1-5 Lim \ 2 T= 1.5 |imx 5800K 


= 8,700 Lim-K 


F (0^ 2 ) 


= 0.881 




A,i = 0.5 Lim X]T = 0.5 Lim x 5800K= 


=2,900 Lim-K 


F (o^A) 


= 0.250 




t s = 0.9 [0.881 - 0.250] = 0.568. 






< 


(b) The limits of the visible spectrum are X\ = 0.4 and X 2 


= 0.7 Lim. For the tinted glass, Xi 


- 0.5 Lim 


rather than 0.4 Lim. From Table 12.1, 










X 2 = 0.7 Lim X 2 T = 0.7 Lim x 5800K 


= 4,060 Lim-K 


F (o^) 


= 0.491 




Xl = 0.5 Lim X]T = 0.5 |im x 5800K 


= 2,900 Lim-K 




= 0.250 




Xi = 0.4 Lim X]T = 0.4 Lim x 5800& 


=2,320 Lim-K 


F (o^^i) 


= 0.125 


Plain glass: 


t vis = 0.9 [0.491 - 0.125] = 0.329 






< 


Tinted glass: 


x vis = 0.9 [0.491 - 0.250] = 0.217 






< 



COMMENTS: For solar energy, the transmissivities are 0.839 for the plain glass vs. 0.568 for the 
tinted glass. Within the visible region, x v i s is 0.329 vs. 0.217. Tinting reduces solar flux by 32% and 
visible solar flux by 34%. 
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PROBLEM 12.57 



KNOWN: Spectral transmissivity and reflectivity of light bulb coating. Dimensions, temperature and 
spectral emissivity of a tungsten filament. 

FIND: (a) Advantages of the coating, (b) Filament electric power requirement for different coating 
spectral reflectivities. 



SCHEMATIC: 



1 




PX 



X r 



X 



ASSUMPTIONS: (1) All of the radiation reflected from the inner surface of bulb is absorbed by the 
filament. 

ANALYSIS: (a) For A, c = 0.7 //m, the coating has two important advantages: (i) It transmits all of the 
visible radiation emitted by the filament, thereby maximizing the lighting efficiency, (ii) It returns all 
of the infrared radiation to the filament, thereby reducing the electric power requirement and 
conserving energy, (b) The power requirement is simply the amount of radiation transmitted by the 
bulb, or 

Pelec = Af E (0 ^ c j = n (dL + D 2 / 2) \^ e k E Ajb cU 
From the spectral distribution of Problem 12.29, &x = 0.45 for both values of A c . Hence, 
p elec 0.0008 x 0.02 + (0.0008) 2 / 2 m 2 Jo.45E b (e^ /E b )cU 

p elec = 5 . 13 x 10" 5 m 2 x 0.45 x 5.67 x 10" 8 W / m 2 • K 4 (3000 K) 4 ^ 0 ->^. ) 
P d ec =106 W^) 
For A c =0.1 jum, A c T = 2100 //m- K and from Table 12.1, F(o-»;M =0.0838. Hence, 

A c = 0.7//m: P elec =106 W x 0.0838 = 8.88 W < 
For \. = 2 jum, T = 6000 jum ■ K and F^q^^ ^ = 0.738. Hence, 

/l c =2.0 //m: Peie C =106 Wx 0.738 = 78.2 W < 

COMMENTS: Clearly, significant energy conservation could be realized with a reflective coating 
and A c = 0.7 /jm. Although a coating with the prescribed spectral characteristics is highly idealized and 
does not exist, there are coatings that may be used to reflect a portion of the infrared radiation from the 
filament and to thereby provide some energy savings. 
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PROBLEM 12.58 



KNOWN: Spectral transmissivity of low iron glass (see Fig. 12.23). 
FIND: Interpretation of the greenhouse effect. 



SCHEMATIC: 



Greenhouse 
inferior, 7=2 7°C 





Low- iron 




ANALYSIS: The glass affects the net radiation transfer to the contents of the greenhouse. Since 
most of the solar radiation is in the spectral region X < 3 Lxm, the glass will transmit a large fraction of 
this radiation. However, the contents of the greenhouse, being at a comparatively low temperature, 
emit most of their radiation in the medium to far infrared. This radiation is not transmitted by the 
glass. Hence the glass allows short wavelength solar radiation to enter the greenhouse, but does not 
permit long wavelength radiation to leave. 
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PROBLEM 12.59 



KNOWN: Spectrally selective, diffuse surface exposed to solar irradiation. 



FIND: (a) Spectral transmissivity, x\, (b) Transmissivity, is, reflectivity, ps, and absorptivity, as, for 
solar irradiation, (c) Emissivity, 8, when surface is at T s = 350K, (d) Net heat flux by radiation to the 
surface. 



SCHEMATIC: 

1.0 r 



-Of 



i.38 



MjU7tt) 



1.0 

0. 

^ 0.1 



0 138 *Mfim) 



ASSUMPTIONS: (1) Surface is diffuse, (2) Spectral distribution of solar irradiation is proportional 
to Ex,b (k, 5800K). 

ANALYSIS: (a) Conservation of radiant energy requires, according to Eq. 12.54, that px + a\ + x\ 

=1 or xx = 1 - px - a X- Hence, the spectral transmissivity appears as shown above (dashed line). Note 
that the surface is opaque for X > 1.38 urn. 

(b) The transmissivity to solar irradiation, Gs, follows from Eq. 12.53, 

rs = j 0 °° n G^s (U / G S = J 0 °° r A (A, 5800K) dA I E b (5800K) 

^S = a,b Jo 38 E^, b (A,5800K)(U/E b (5800K) = r^^) = 0.7 x 0.856 = 0.599 < 

where X\ T s = 1.38 x 5800 = 8000 Lim-K and from Table 12.1, ^o->^) = °- 856 - From E 1 s - 12 - 50 
and 12.55, 

PS =f 0 C °^GA,sd^/G s =PA,l^A l ) =0.1x0.856 = 0.086 < 

^=1-^-^=1-0.086-0.599 = 0.315. < 

(c) For the surface at T s - 350K, the emissivity can be determined from Eq. 12.36. Since the surface 
is diffuse, according to Eq. 12.61, = s^, the expression has the form 

£ = J 0 °°^EA,b (T s )<U/E b (T s ) = \™ a A E^ b (350K)dl/E b (350K) 

f = «A,1^0-1.38//m) + «A,2 1 -^0-1.38/nn)] = a k,2 = 1 < 
where from Table 12.1 with Xi T s = 1.38 x 350 = 483 ixm-K, Ify-AT) « 0. 

(d) The net heat flux by radiation to the 
surface is determined by a radiation balance 

Qrad = G S " PS G S " r S G S " E 

qrad = «S G S" E 

qrad =0.315x750 W/m 2 -1.0x5.67xl0" 8 W/m 2 • K 4 (350Kf = -615 W/m 
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PROBLEM 12.60 



KNOWN: Large furnace with diffuse, opaque walls (Tf, Sf) and a small diffuse, spectrally selective 
object (Tq, xi, px). 

FIND: For points on the furnace wall and the object, find s, a, E, G and J. 
SCHEMATIC: 



1^=3000K 
Point A 




1.0 r 



o 



ASSUMPTIONS: (1) Furnace walls are isothermal, diffuse, and gray, (2) Object is isothermal and 
diffuse. 

ANALYSIS: Consider first the furnace wall (A). Since the wall material is diffuse and gray, it 
follows that 

^A =£ f =a A =0.85. < 
The emissive power is 

E A = s A E b (T f ) = s A crT f = 0.85x5.67 x 10" 8 W/m 2 • K 4 (3000 K) 4 =3.904 xl0 6 W/m 2 . < 
Since the furnace is an isothermal enclosure, blackbody conditions exist such that 

G A =J A =E b (T f ) = ctT 4 =5.67 xlO" 8 W/m 2 - K 4 (3000 K) 4 = 4.593 xlO 6 W/m 2 . < 

Considering now the semitransparent, diffuse, spectrally selective object at T 0 = 300 K. From the 
radiation balance requirement, find 

^A =1 -PA~ T A or «i =1-0.6-0.3 = 0.1 and a 2 = 1-0.7 -0.0 = 0.3 

a B = ^a A G A dA/G = • + (l - F Q _ AJ )-a 2 = 0.970 x 0. 1 + (l - 0.970) x 0.3 = 0.106 < 

where F 0 . XT = 0.970 at AT = 5 |am x 3000 K = 15,000 um-K since G = E b (T f ). Since the object is 
diffuse, s% = ax, hence 

£ B = J 0 °° ^ E A,b ( T o ) M I E^ 0 = Ib_AT«l + (1 " Fo-IT )• « 2 = 0.0138 x 0. 1 + (1 - 0.0138) x 0.3 = 0.297 < 
where Fq-a,t = 0.0138 at ^T = 5 Lxm x 300 K = 1500 LxmK. The emissive power is 



E B = ^E b)B (T G ) = 0.297 x 5.67 x 10" 8 W / m 2 • K 4 (300 Kf = 136.5 W / m z . < 

The irradiation is that due to the large furnace for which blackbody conditions exist, 

G B =G A =o-T 4 =4.593 xlO 6 W/m 2 . < 

The radiosity leaving point B is due to emission and reflected irradiation, 



\4 



J B =E B + p B G B =136.5 W/m 2 +0.3x4.593xl0 5 W/m 2 = 1.378xl0 b W/m 2 . < 

6 2 

If we include transmitted irradiation, Jb = Eb + (pb + tb) Gb = Eb + (1 - o,b) Gb = 4.106 x 10 W/m . 
In the first calculation, note how we set pb ~ px < 5 |im). 
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PROBLEM 12.61 

KNOWN: Spectral characteristics of four diffuse surfaces exposed to solar radiation. 

FIND: Surfaces which may be assumed to be gray. 

SCHEMATIC: 



0.8 



® 
_l u 



0.8 
0.3- 




ASSUMPTIONS: (1) Diffuse surface behavior. 

ANALYSIS: A gray surface is one for which a^, and are constant over the spectral regions of the 
irradiation and the surface emission. 

For X = 3 urn and T = 5800K, XT = 17,400 um-K and from Table 12.1, find F (0 = 0.984. Hence, 
98.4% of the solar radiation is in the spectral region below 3 um. 

For X = 6 urn and T = 300K, AT = 1800 Lim-K and from Table 12.1, find F (0 _> X ) = 0-039. Hence, 
96.1% of the surface emission is in the spectral region above 6 urn. 



Hence: Surface A is gray: 

Surface B is not gray: 
Surface C is not gray: 
Surface D is gray: 



as ~ s = 0.8 
a s * 0.8, s*0.3 
a s * 0.3, 8 « 0.7 
as ~ s = 0.3. 



< 
< 
< 
< 
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PROBLEM 12.62 

KNOWN: A gray, but directionally selective, material with a (0, = 0.5(1 - cost))). 

FIND: (a) Hemispherical absorptivity when irradiated with collimated solar flux in the direction (0 
45° and § = 0°) and (b) Hemispherical emissivity of the material. 

SCHEMATIC: 



<x A ^O.5(l-cos<p) 



XOr 




ASSUMPTIONS: (1) Gray surface behavior. 

ANALYSIS: (a) The surface has the directional absorptivity given as 

a{0,(f) = (2^,0 =0.5[l-cos^]. 
When irradiated in the direction 0 = 45° and § = 0°, the directional absorptivity for this condition is 

a (45°,0 o ) = 0.5[l-cos(0°)] = 0. < 

That is, the surface is completely reflecting (or transmitting) for irradiation in this direction, 
(b) From Kirchhoff's law, 

a 9,4> = £ 0,<f> 

so that 

s 04 =00,0 =0.5(1- cos 0). 

Using Eq. 12.33 find 

j-2/z :kI2 



(2.n (nil. 

J 0 J 0 sQ^^co^e^mece^ 



eln en II „ „ „ 
L L cos#sin#d#d^ 



\T °- 5 i l - cos 0) d 0 _ 0.5 {</>- sin (/>) 



s = 



2n 



= 0.5. 
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PROBLEM 12.63 



KNOWN: Approximate spectral transmissivity of polymer film over the range 2.5 /an < X < 15 
jum. 

FIND: (a) Maximum possible total transmissivity for irradiation from blackbody at 30°C, (b) 
Minimum possible total transmissivity for irradiation from blackbody at 30°C, (c) Maximum and 
minimum possible total transmissivities for a source temperature of 600°C. 



SCHEMATIC: 



1.0 



T, 0.5 



:.,,=? / x x2 = 0.80 



x M = 0.55 , 



\ 3 = 0-05 



\s = 7 



10 



15 



20 



ASSUMPTIONS: (1) Irradiation is proportional to that of a blackbody. 

ANALYSIS: (a) The maximum possible total transmissivity is associated with = ^x,s = 1- 
The total transmissivity is 



dX 



+ 



c b E b E b 

(•13 pl5 poo 

^,3j ? E X,b d ^ ^,4j 13 E X,b^ T X>5 J i5 E X;b d^ 



- + - 



- + - 



or 



T - x X,lF(0-2.5|^m) + T X,2F(2.5-7|im) + T A,,3 E (7-13um) + T l,4F(13-15nm) + x X,5 F (15nm-oo) 

where, at T s = 30°C + 273 K = 303 K, 



F(2.5-7^m) = F ( o-7 M m) " F(0-2.5^) = 0-08739 - 1 .26 x 10" 5 = 0.08738 
F(7-i 3M m) = F (0 -i3mn) " F (0 - 7LU n) = 0.4694-0.008739 = 0.3820 
F (13 -l 5M m) =F(0-15Mm)-F(0-13Mm) =0.5709-0.4694 = 0.1015 

F ( i5 M m-oo) = 1 - F ( o_i5^) = 1 - 0.5709 = 0.4291 
Therefore, 



Continued. 
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PROBLEM 12.63 (Cont.) 



x max = 1 x 1.26 x 10" 5 + 0.80 x 0.08738 + 0.05 x 0.3820 + 0.55 x 0.1015 + 1 x 0.4291 = 0.574 < 

(b) The minimum possible total transmissivity is associated with = t x ,s = 0. Hence, 

x mn = 0x 1.26 x 10" 5 + 0.80 x 0.08738 + 0.05 x 0.3820 + 0.55 x 0.1015 + 0 x 0.4291 = 0.145 < 

(c) at T s = 600°C + 273 K = 873 K, 

F( 2 .5-7um) = F(0-7^m) " *(0-2.5 m ) = 0-7469 - 0.0979 = 0.6490 
F(7-i 3M m) = F(o-i3^) " F (0 -7nm) = 0-9375 - 0.7469 = 0. 1906 
F(i 3 -i5mn) = F (0 _i 5(im) - F (0 _ 13Mm) = 0.9559 - 0.9375 = 0.0184 
F ( i 5 ^_oo) = 1 " F (0 -i5^) = 1 " 0-9559 = 0.0441 

Therefore, 

x max = 1 x 0.0979 + 0.80 x 0.6490 + 0.05 x 0.1906 + 0.55 x 0.0184 + 1 x 0.0441 = 0.681 < 
The minimum possible total transmissivity is associated with = t%,5 = 0. Hence, 

t min = 0 x 0.0979 + 0.80 x 0.6490 + 0.05 x 0.1906 + 0.55 x 0.0184 + 0 x 0.0441 = 0.539 < 



COMMENTS: (1) For irradiation from the low temperature source, 43% of the irradiation is in 
the wavelength range greater that 15 /an. Since the spectral transmissivity is not known in this 
wavelength range, there is a very large uncertainty regarding the total transmissivity of the 
polymer film. (2) For irradiation from the high temperature source, 9.8% + 4.4% = 14.4% of the 
irradiation is in wavelength ranges less than 2.5 /an and greater than 15 /an. Hence, the 
uncertainty of the total transmissivity of the polymer film is significantly smaller than that 
associated with the low temperature source. (3) A source temperature exists for which the 
uncertainty in the total transmissivity is minimum. This temperature is between 30°C and 600°C. 
Why? 
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PROBLEM 12.64 



KNOWN: Thickness, thermal conductivity and surface temperatures of a flat plate. Irradiation 
on the top surface, reflected irradiation, air and water temperatures, air convection coefficient. 

FIND: Transmissivity, reflectivity, absorptivity, and emissivity of the plate. Convection 
coefficient associated with the water flow. 



SCHEMATIC: 




Air 

T„ a = 260<C 
> h '= 40 W/m 2 -K 




pG = 435 W/m 2 
T.= 43°C 



k = 25 W/m-K 



L = 21 mm 



Water 



T h = 35°C 



ASSUMPTIONS: (1) Opaque and diffuse surface, (2) Water is opaque to thermal radiation. 



ANALYSIS: The plate is opaque. Therefore, t = 0 

The reflectivity is p = pG/G = (435 W/m 2 )/(1450 W/m 2 ) = 0.3 

The absorptivity is a = 1 - x - p = 1 - 0 - 0.3 = 0.7 



< 
< 
< 



Consider an energy balance on the top surface. 

G k pG 



▲ E 



P cond 



Icond = G + q conv - pG - E where E = sgT s . Rearranging, we see that 



s = (G + q conv -pG-q cond )/(aT t 4 ) 

1450 W/m 2 + 40W/m 2 • Kx(260 - 43)°C - 435 W/m 2 
25W/m • K x (43 - 35)°C/0.021m 



5.67xl0" 8 W/m 2 -K 4 x (273+43) 4 K 4 



= 0.303 



Since a * e, the plate is not gray. 



< 

Continued. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.64 (Cont.) 



The radiosity associated with the top surface is 

J = E + pG = 0.303 x 5.67 x 10" 8 W/m 2 -K 4 x (273 + 43) 4 K 4 + 435 W/m 2 = 606 W/m 2 < 

Consider an energy balance on the bottom surface with q cond = q conv which yields 

h w = k(T t -T b )/[L(T b -T 00 , w )] 

= [25 W/m-K x (43 - 35)°C]/[0.021m x (35 - 25)°C] = 952 W/m 2 -K. < 

COMMENTS: (1) The calculated emissivity is extremely sensitive to the plate thickness. 
Conduction through the plate is much larger than the emission; small changes in the conduction 
heat flux result in very large changes in the calculated emission. For example, reducing the plate 
thickness to 20 mm yields a negative emissivity, while increasing the plate thickness to 22 mm 
yields an emissivity greater than unity. In reality, as the plate thickness is modified, the surface 
temperatures would also change. 
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PROBLEM 12.65 



KNOWN: Isothermal enclosure at a uniform temperature provides a known irradiation on two small 
surfaces whose absorption rates have been measured. 

FIND: (a) Net heat transfer rates and temperatures of the two surfaces, (b) Absorptivity of the 
surfaces, (c) Emissive power of the surfaces, (d) Emissivity of the surfaces. 

SCHEMATIC: 




ASSUMPTIONS: (1) Enclosure is at a uniform temperature and large compared to surfaces A and B, 
(2) Surfaces A and B have been in the enclosure a long time, (3) Irradiation to both surfaces is the 
same. 

ANALYSIS: (a) Since the surfaces A and B have been within the enclosure a long time, thermal 
equilibrium conditions exist. That is, 

qA,net = qB,net = °- 

Furthermore, the surface temperatures are the same as the enclosure, T S; a = T S; B = T enc . Since the 
enclosure is at a uniform temperature, it follows that blackbody radiation exists within the enclosure 
(see Fig. 12.11) and 



G = E b (T enc ) = aT 4 



enc 

1/4 



T enc = (G/o-) 1/4 = ^6300 W/m 2 1 5.61 x 10" 8 W/m 2 • K 4 J = 577.4K. 

(b) From Eq. 12.43, the absorptivity is G a b s /G, 

5600 W/m 2 630 W/m 2 

«A = w = 0-89 «g = — = 0.10. 

6300 W/m 2 6300 W/m 2 



(c) Since the surfaces experience zero net heat transfer, the energy balance is G a b s = E. That is, the 
absorbed irradiation is equal to the emissive power, 



E A =5600 W/m' 



Eg = 630 W/m z 



(d) The emissive power, E(T), is written as 

E = ^E b (T) = ^o-T 4 or ^ = E/o"T 4 . 

Since the temperature of the surfaces and the emissive powers are known, 



£ A =5600 W/m z / 



5.67 xl0~ 8 o W - (577.4K) 4 
m 2 -K 4V } 



= 0.89 



SB =0.10. < 



COMMENTS: Note for this equilibrium condition, s = a. 
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PROBLEM 12.66 



KNOWN: Opaque, horizontal plate, well insulated on backside, is subjected to a prescribed 
irradiation. Also known are the reflected irradiation, emissive power, plate temperature and 
convection coefficient for known air temperature. 

FIND: (a) Emissivity, absorptivity and radiosity and (b) Net heat transfer per unit area of the plate. 
SCHEMATIC: 



G ref --500Wfm\ /G=Z500W/mZ 



7777777777777777777777^77777<—T?7sulatio77 

ASSUMPTIONS: (1) Plate is insulated on backside, (2) Plate is opaque. 

ANALYSIS: (a) The total, hemispherical emissivity of the plate according to Eq. 12.35 is 



s = 



1200 W/m^ 



E b( T s) o-T s 4 5.67xl0" 8 W/m 2 -K 4 x(227 + 273) 4 K 4 



= 0.34. 




The total, hemispherical absorptivity is related to the reflectivity by Eq. 12.55 for an opaque surface. 
That is, a = 1 - p. By definition, the reflectivity is the fraction of irradiation reflected, such that 

a = l-G ref /G = l-500 W/m 2 /(2500 W/m 2 ) = 1-0.20 = 0.80. < 

The radiosity, J, is defined as the radiant flux leaving the surface by emission and reflection per unit 
area of the surface (see Section 12.2.4). 

J = /?G + £E b =G re f +E = 500 W/m 2 + 1200 W/m 2 =1700 W/m 2 . < 

(b) The net heat transfer is determined from 
an energy balance, 

Qnet = Qin — Qout = G — G re f — E — q conv 

q net =(2500 -500 -1200) W/m 2 -15 W/m 2 -K (227 -127) K = -700 W/m 2 . < 

An alternate approach to the energy balance using the 
radiosity, 

Qnet = G — J — q conv 
q net =(2500-1700-1500) W/m 2 
Qnet =-700 W/m 2 . 

COMMENTS: (1) Since the net heat rate per unit area is negative, energy must be added to the plate 
in order to maintain it at T s = 227°C. (2) Note that a ^ s. Hence, the plate is not a gray body. (3) 
Note the use of radiosity in performing energy balances. That is, considering only the radiation 
processes, q„ et = G - J. 
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PROBLEM 12.67 



KNOWN: Horizontal, opaque surface at steady-state temperature of 77°C is exposed to a convection 
process; emissive power, irradiation and reflectivity are prescribed. 

FIND: (a) Absorptivity of the surface, (b) Net radiation heat transfer rate for the surface; indicate 
direction, (c) Total heat transfer rate for the surface; indicate direction. 



SCHEMATIC: 



_£> /G=1380W/mZ 




ASSUMPTIONS: (1) Surface is opaque, (2) Effect of surroundings included in the specified 
irradiation, (3) Steady-state conditions. 

ANALYSIS: (a) From the definition of the thermal radiative properties and a radiation balance for an 
opaque surface on a total wavelength basis, according to Eq. 12.57, 

a = l-p = l-0.4 = 0.6. < 
(b) The net radiation heat transfer rate to the surface 
follows from a surface energy balance considering only 
radiation processes. From the schematic, 



Qnet^ad _ (Ein E out ) 




rad 



M net,rad=G-/?G-E=(l380-0.4xl380-628)W/m =200W/m . 

Since q^ et ra( j is positive, the net radiation heat transfer rate is to the surface. 

(c) Performing a surface energy balance considering all 
heat transfer processes, the local heat transfer rate is 

qtot = ( E [ n -E 0 ut) 

n " — n " — n " 

Qtot _ ^net.rad -c lconv 

q t " ot =200 W/m 2 -28 W /m 2 • K(77 - 27) K = -1200 W/m z . 
The total heat flux is shown as a negative value indicating the heat flux is from the surface. 




COMMENTS: (1) Note that the surface radiation 
balance could also be expresses as 



& \ A 









qnet,rad=G-J or aG-E. 

Note the use of radiosity to express the radiation flux leaving the surface. 
(2) From knowledge of the surface emissive power and T s , find the emissivity as 

s = E/aT^ =628 W/m 2 /(5.67xl0~ 8 W/m 2 • K 4 j(77 + 273) 4 K 4 =0.74. 
Since 8 ^ a, we know the surface is not gray. 
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PROBLEM 12.68 



KNOWN: Temperature and spectral characteristics of a diffuse surface at T s = 500 K situated in a large 
enclosure with uniform temperature, T SU1 = 1500 K. 

FIND: (a) Sketch of spectral distribution of and E^ b for the surface, (b) Net heat flux to the surface, 

q"rad,in (c) Compute and plot q" ra d,in as a function of T s for the range 500 < T s < 1000 K; also plot the heat 
flux for a diffuse, gray surface with total emissivities of 0.4 and 0.8; and (d) Compute and plot 8 and 
a as a function of the surface temperature for the range 500 < T s < 1000 K. 

SCHEMATIC: 



1.0 i- 



.... 

~.A 




T sur = 1500 K 



>>J S = 500 K 



ASSUMPTIONS: (1) Surface is diffuse, (2) Convective effects are negligible, (3) Surface irradiation 
corresponds to blackbody emission at 1500 K. 

ANALYSIS: (a) From Wien's displacement law, Eq. 
12.25, A, max T = 2898 Lxm-K. Hence, for blackbody 
emission from the surface at T s = 500 K, 



2897.6//m-K 

/Lm ax = = 5.80//m. 

^ ax 500 K 

(b) From an energy balance on the surface, the net heat 
flux to the surface is 

q"racun = aG - E = aE b (1500 K) - sE b (500 K). 
From Eq. 12.44, 



-l.b 



> V E % = ME X,b | 






\ r E x=^x, b 


/ / 1 1 


►Mum) 



5.8 



(1) 



a 



f4 E 2b (1500) fO oE 2b (1500) 

= 0.4 d^ + 0.8[ «U = 0.4R 

JO v, }' 



'(0-4//m) -°- 8 [l-%-4^m)]< 



From Table 12.1 with XT = 4|am x 1500 K = 6000 jim-K, F m) = 0.738, find 

a = 0.4 x 0.738 + 0.8 (1 - 0.738) = 0.505. 
From Eq. 12.36 

r4 E^ b (500) fQ oE Afb (500) 



0.4 [ 

Jo 



-dA + 0.8j 



oo - 
4 



-dA - 0.4F (0 _ 4//m) + 0.8[1 - F (0 _ 4//m )] . 



E b J4 E b 

From Table 12.1 with XT = 4um x 500 K = 2000 um-K, F (0 . 4) = 0.0667, find 
s = 0.4 x 0.0667 + 0.8 (1 - 0.0667) = 0.773. 

Hence, the net heat flux to the surface is 

<irad in = 5.67 x 10" 8 w/ m 2 • K 4 [0.505 x (1500 K) 4 - 0.773 x (500 K) 4 ] = 1 .422 x 10 5 w/ m 2 



< 

Continued... 
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PROBLEM 12.68 (Cont.) 



(c) Using the foregoing equations in the IHT workspace along with the 1HT Radiation Tool, Band 
Emission Factor, q^ a( j m was computed and plotted as a function of T s . 



250000 




50000 



500 600 700 800 900 1000 
Surface temperature, Ts (K) 

— ©— Grey surface, eps = 0.4 

Selective surface, eps 

— h— Grey surface, eps = 0.8 

The net radiation heat rate, qj a( j j n decreases with increasing surface temperature since E increases with 

T s and the absorbed irradiation remains constant according to Eq. (1). The heat flux is largest for the gray 
surface with 8 = 0.4 and the smallest for the gray surface with 8 = 0.8. As expected, the heat flux for the 
selective surface is between the limits of the two gray surfaces. 

(d) Using the IHT model of part (c), the emissivity and absorptivity of the surface are computed and 
plotted below. 

0.8 



a 

a. 
a 



0.7 



0.6 



0.5 -l 



0.4 



500 600 700 800 900 
Surface temperature, Ts (K) 

— ©— Emissivity, eps 
— h— Absorptivity, alpha 



1000 



The absorptivity, a = a(aji,T sm ) , remains constant as T s changes since it is a function of (or s x ) and 
T sur only. The emissivity, s = £(£^,T S ) is a function of T s and decreases as T s increases. Could you 

have surmised as much by looking at the spectral emissivity distribution? Under what condition would 
you expect a = 8? 
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PROBLEM 12.69 

KNOWN: Opaque, diffuse surface with prescribed spectral reflectivity and at a temperature of 750K 
is subjected to a prescribed spectral irradiation, G^,. 

FIND: (a) Total absorptivity, a, (b) Total emissivity, s, (c) Net radiative heat flux to the surface. 
SCHEMATIC: 



1 

Ob 








0.2 







500 



PX.2. 

A(/L£7n) 



0 1 



ASSUMPTIONS: (1) Opaque and diffuse surface, (2) Backside insulated. 

ANALYSIS: (a) The total absorptivity is determined from Eq. 12.44 and 12.54, 

poo 

a A= l ~PA and a = } 0 a^G^dA/G. (1,2) 

Evaluating by separate integrals over various wavelength intervals. 

_ (l - Pk,\ ) f x G a dA + (l - pxg ) J 3 6 G A dA + (l - Pxa ) f 6 8 G X cU _ G ^ 
01 ~ f3 r6 p8 ~ G 



500W/m 2 -//m(6-3)//m 



G abs =(1-0.6) 0.5x500W/m 2 -//m(3-l)//mJ + (l-0.2) 
+ (1-0.2) 0.5x500W/m 2 -//m(8-6)//m 
G = 0.5x500 W/m 2 ■ jumx (3- l)//m + 500 W/m 2 //m(6- 3)//m + 0.5x500 W/m 2 - //m(8-6)//m 



[200 + 1200 + 400] W/m 2 1800 W/m 2 

± J = = 0.720. 

[500 + 1500 + 500] W/m 2 2500 W/m 2 



(b) The total emissivity of the surface is determined from Eq. 12.54 and 12.61, 

sx = ax and, hence ex = 1 - Px ■ 

The total emissivity can then be expressed as 

e = \™ek*k,b (^T s )dl/E b (T s ) = J o °°(l- /7/l )E^ b (l,T s )d2/E b (T s ) 

£ = ( 1 -^l)lo E ^b(^ T s)d^/E b (Tj + (l-^ 2 )j 3 C °E^ b (l,T s )dl/E b (T s ) 

£ = ( l ~ Pk,\ ) fy->3 //m) + 1 1 " PA,2 ) [l " ^0->3 ftm) ] 

s = (1- 0.6)x 0.111 + (1-0.2)[1 -0.111] = 0.756 

where Table 12.1 is used to find F (0 . X) = 0.1 1 1 for X\ T s = 3 x 750 = 2250 ixm-K. 

(c) The net radiative heat flux to the surface is 

q rad =«G-^E b (T s ) = «G-^o-T s 4 
q rad =0.720x2500 W/m 2 

-0.756 x 5.67 x 10" 8 W / m 2 • K 4 (750K) 4 = -1 1, 763 W / m 2 . 



(3,4) 
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PROBLEM 12.70 



KNOWN: Diffuse glass at T g = 750 K with prescribed spectral radiative properties being heated in a 
large oven having walls with emissivity of 0.75 and 1800 K. 

FIND: (a) Total transmissivity r, total reflectivity p, and total emissivity 8 of the glass; Net radiative heat 
flux to the glass, (b) q^ ac j j n ; and (c) Compute and plot qj' ac j j n as a function of glass temperatures for the 

range 500 < T g < 800 K for oven wall temperatures of T w = 1500, 1800 and 2000 K. 

SCHEMATIC: 

0.9 - 



Oven wall, T w = 1 800 K, e w = 0.75 




Glass, T = 750 K, x^, 



-Oven wall, T w , e 



w w 



0.5 - 



* * ♦ *♦* * 



0.05 



0.2 1 .6 Ji(Lim) 

ASSUMPTIONS: (1) Glass is of uniform temperature, (2) Glass is diffuse, (3) Furnace walls large 
compared to the glass; s w plays no role, (4) Negligible convection. 

ANALYSIS: (a) From knowledge of the spectral transmittance,t w , and spectral reflectivity, p^, the 
following radiation properties are evaluated: 

Total transmissivity, r: For the irradiation from the furnace walls, G^ = E^b (A, T w ). Hence 

r = J7 ^E^ (A, T w ) dV aT* « t^Q-XT) = 0.9 x 0.25 = 0.225 . < 

where AT = 1.6 \xm x 1800 K = 2880 Lim-K * 2898 um-K giving F (0 ^ T ) * 0.25. 
Total reflectivity, p: With G\ = E^ >b (A,,T W ), T w = 1800 K, and Fo-n = 0.25, 

p - PM^O-XT) + PA2 (l - F(0-^T) ) = 0.05 x 0.25 + 0.5 (l - 0.25) = 0.388 < 

Total absorptivity, a: To perform the energy balance later, we'll need a. Employ the conservation 
expression, 

a = l-p- T = 1-0.388-0.225 = 0.387. 

Emissivity, s: Based upon surface temperature T g — 750 K, for 

/lT = 1.6//mx750K = 1200//m-K, F 0 _ AT * 0.002 . 

Hence for A, > 1.6 um, s«s^«0.5. ^ 

(b) Performing an energy balance on the glass, the net radiative heat flux by radiation into the glass is, 

Continued... 
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PROBLEM 12.70 (Cont.) 



II |-i II rjll 

1net,in — ^in ~~ ^out 



qnet,in = 2 (« G - fE b( T g)) 



' JaG 



where G = crT, 



w 



Inet. 



in 



c 



3. 



l eE b \ aG 



0.387(7 (1800K) 4 -0.5(7 (750K) 4 



: 442.8kW/ iri . 



(b) Using the foregoing equations in the IHT Workspace along with the IHT Radiation Tool, Band 
Emission Factor, the net radiative heat flux, q^ a( j j n , was computed and plotted as a function of T g for 

selected wall temperatures T w . 





700 




600 






E 


500 


| 








c 




T3 


400 


CO 




cr 






300 




200 



500 600 700 800 

Glass temperature, Tg (K) 

— e— Tw = 1 500 K 

Tw= 1800 K 

— B — Tw = 2000 K 

As the glass temperature increases, the rate of emission increases so we'd expect the net radiative heat 
rate into the glass to decrease. Note that the decrease is not very significant. The effect of increased wall 
temperature is to increase the irradiation and, hence the absorbed irradiation to the surface and the net 
radiative flux increase. 
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PROBLEM 12.71 

KNOWN: Temperature, absorptivity, transmissivity, radiosity and convection conditions for a 
semi transparent plate. 

FIND: Plate irradiation and total hemispherical emissivity. 
SCHEMATIC: 

Plate., T= 350K, oc= 0.f » * * 



2 COT1V \ \ 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface conditions. 
ANALYSIS: From an energy balance on the plate 

Ein = E 0 ut 
2G = 2q£ onv + 2J. 
Solving for the irradiation and substituting numerical values, 

G = 40 W / m 2 • K (350 - 300) K + 5000 W / m 2 = 7000 W / m 2 . 
From the definition of J, 

J = E + pG + rG = E + (l-«)G. 
Solving for the emissivity and substituting numerical values, 

j-(l- a )G (5000 W/m 2 ) -0.6(7000 W/m 2 ) 

s = ^ — ^— = ^ '- ' T~ = 0 - 94 - 

aT 4 5.67xl0" 8 W/m 2 • K 4 (350K) 4 

Hence, 

a ^ s 

and the surface is not gray for the prescribed conditions. 

COMMENTS: The emissivity may also be determined by expressing the plate energy balance as 
2«G = 2q£ onv + 2E. 

Hence 

saT 4 =aG-h(T-T o0 ) 



0.4(7000 W/m 2 1-40 W/m 2 -K(50 K) 



s = s '- = 0.94. 

5.67 xlO" 8 W/m 2 -K 4 (350 K) 4 
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PROBLEM 12.72 



KNOWN: Material with prescribed radiative properties covering the peep hole of a furnace and 
exposed to surroundings on the outer surface. 



FIND: Steady-state temperature of the cover, T s ; heat loss from furnace. 
SCHEMATIC: 




-~1Z,D=5Cmm 



T f -45o°c rfrfr 



mi 




eE b (T s ) 



= 300K 



■7; 



<XfQf 

-TfGf T f &f 



eE b (T s ) 



ASSUMPTIONS: (1) Cover is isothermal, no gradient, (2) Surroundings of the outer surface are 
large compared to cover, (3) Cover is insulated from its mount on furnace wall, (4) Negligible 
convection on interior surface. 

PROPERTIES: Cover material (given): For irradiation from the furnace interior: if = 0.8, pf = 0; 
For room temperature emission: x = 0, s = 0.8. 

ANALYSIS: Perform an energy balance identifying the modes of heat transfer, 

Ein-E ou t=0 a f G f +a sur G sur -2^E b (T s )-h(T s -T oo ) = 0. (1) 



Recognize that Gf =crTp G sur =crT sur . 

From Eq. 12.57, it follows that «f = 1 - Tf - pf = 1 - 0.8 - 0.0 = 0.2. 



(2,3) 
(4) 



Since the irradiation G sur will have nearly the same spectral distribution as the emissive power of the 
cover, Eb (T s ), and since G sur is diffuse irradiation, 

a sm =s = 0.8. (5) 

This reasoning follows from Eqs. 12.65 and 12.66. Substituting Eqs. (2-5) into Eq. (1) and using 
numerical values, 



0.2x5.67x10 8 (450 + 273) W/m 2 + 0.8x5.67x10 8 x300 4 W/m : 



(2-5) 



-2x0.8x5.67xl0" 8 T s 4 W/m z -50 W/m z • K(T S -300)K = 0 < 

9.072 xl0" 8 T s 4 + 50 T s =18,466 or T S =344K. 
The heat loss from the furnace (see energy balance schematic) is 

ttD 2 

qf,loss = A s[«f G f +r f G f -£E b (T s )] = — p [(« f +r f )G f -sE b (T s )] 
qfioss =^(0.050m) 2 /4 (0.8 + 0.2)(723K) 4 



-0.8(344K)' 



5.67x10 8 W/m 2 -K 4 = 29.2 W. 
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PROBLEM 12.73 

KNOWN: Window with prescribed and p\ mounted on cooled vacuum chamber passing radiation 
from a solar simulator. 

FIND: (a) Solar transmissivity of the window material, (b) State-state temperature reached by 
window with simulator operating, (c) Net radiation heat transfer to chamber. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse behavior of window material, (3) Chamber 
and room surroundings large compared to window, (4) Solar simulator flux has spectral distribution of 

5800K blackbody, (5) Window insulated from its mount, (6) Window is isothermal at T w . 

ANALYSIS: (a) Using Eq. 12.53 and recognizing that G^ s ~ ^b,X (K 5800K), 

rs = ri Io.3 9 8 E ^ b (^5800K)<U/E b (5800K) = n [F (0 ^ L9//m) -F (0 ^ 0 . 38//m) . 

From Table 12.1 at XT = 1.9 x 5800 = 11,020 um-K, F (0 _> = 0-932; at XT = 0.38 x 5800 Lim-K = 
2,204 um-K, F (0 _> X) = 0.101; hence 

r s = 0.90 [0.932 -0.101] = 0.748. < 

Recognizing that later we'll need as, use Eq. 12.50 to find ps 



PS~ Pi F (0^0.38//m) + P2 [ F (0^1.9//m) ~ F (0^0.38//m) J + P3 

p s = 0. 15 x 0. 101 + 0.05 [0.932 - 0. 101] + 0. 15 [l - 0.932] = 0.067 

«S = l -PS~ T S =1-0.067-0.748 = 0.185. 
(b) Perform an energy balance on the window. 

«s G s -q w - c -q'w-sur -q CO nv =0 

a s Gs-^(4 - Tc 4 )-^(t4 - Ts 4 ur )-h(T w -T oo ) = 0. 



1-F/ 




Recognize that px (X > 1.9) = 0.15 and that s « 1 - 0.15 = 0.85 since T w will be near 300K. 
Substituting numerical values, find by trial and error, 



0.185x3000 W/m z -0.85x0- 



2T 4 -298 4 -77 4 



K 4 -28 W/m 2 -K(T w -298)K = 0 



T w = 302.6K = 29.6°C. 



(c) The net radiation transfer per unit area of the window to the vacuum chamber, excluding the 
transmitted simulated solar flux is 



q^-c =^( T w " T c 4 ) = 0.85x5.67x10 8 W/m 2 -K Z 



302.6 4 -77 4 



K 4 =402 W/m 2 . 
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PROBLEM 12.74 



KNOWN: Reading and emissivity of a thermocouple (TC) located in a large duct to measure gas stream 
temperature. Duct wall temperature and emissivity; convection coefficient. 

FIND: (a) Gas temperature, T w , (b) Effect of convection coefficient on measurement error. 
SCHEMATIC: 

.6 



9^ 



or*.. 



■Duct wall, 



-Thermocouple (TC) 
support 



0.85, r,„ = 450 °C 




ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from TC sensing junction to 
support, (3) Duct wall much larger than TC, (4) TC surface is diffuse-gray. 

ANALYSIS: (a) Performing an energy balance on the thermocouple, it follows that 



Hence, 



= 0. 



£ s a ( T i/ - T s 4 )- h ( T s - T oo) re- 



solving for T„ with T s = 180°C, 



S„<7 4 



V) 



T^ = (180+273)K- 



0.6(5.67x10" 



w/m 2 K 4 ) 



125 W/ m -K 



[450 + 273] - [1 80 + 273] K 



Tqq = 453 K - 62.9 K = 390 K = 1 17 C . < 
(b) Using the IHT First Law model for an Isothermal Solid Sphere to solve the foregoing energy balance 
for T s , with T^ 125°C, the measurement error, defined as AT = T s - T OT , was determined and is plotted as 

a function of h . 




0 200 400 600 800 1000 

Convection coefficient, hbar(W/m A 2.K) 

The measurement error is enormous (AT « 270°C) for h = 10 W/m 2 -K, but decreases with increasing h . 
However, even for h = 1000 W/m 2 -K, the error (AT w 8°C) is not negligible. Such errors must always be 
considered when measuring a gas temperature in surroundings whose temperature differs significantly 
from that of the gas. 

Continued... 
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PROBLEM 12.74 (Cont.) 

COMMENTS: (1) Because the duct wall surface area is much larger than that of the thermocouple, its 
emissivity is not a factor. (2) For such a situation, a shield about the thermocouple would reduce the 
influence of the hot duct wall on the indicated TC temperature. A low emissivity thermocouple coating 
would also help. 
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PROBLEM 12.75 

KNOWN: Diameter and emissivity of a horizontal thermocouple (TC) sheath located in a large room. 
Air and wall temperatures. 

FIND: (a) Temperature indicated by the TC, (b) Effect of emissivity on measurement error. 
SCHEMATIC: 

♦ • • 

, 




T S( , r =30°C^ $ 



q" X 



I 



aG 



- s — f - 



Thermocouple, T s 
D = 4 mm, e 



ASSUMPTIONS: (1) Room walls approximate isothermal, large surroundings, (2) Room air is 
quiescent, (3) TC approximates horizontal cylinder, (4) No conduction losses, (5) TC surface is opaque, 
diffuse and gray. 

PROPERTIES: Table A-4, Air (assume T s = 25 °C, T f = (T s + T^/2 « 296 K, 1 atm): 
i/ = 15.53xl0" 6 m 2 /s, k = 0.026 w/m- K, a = 22.0xl0" 6 m 2 /s, Pr = 0.708, fi = l/T f . 

ANALYSIS: (a) Perform an energy balance on the thermocouple considering convection and radiation 
processes. On a unit area basis, with qconv = n (T s -T^,), 



J in ^out 

«G-^E b (T s )-h(T s -T oo ) = 0. (1) 

Since the surroundings are isothermal and large compared to the thermocouple, G = E b (T sur ). For the 
gray-diffuse surface, a = s. Using the Stefan-Boltzman law, E b = oT 4 , Eq. (1) becomes 



OT ( T sur " T s 4 ) " h ( T s " T oo ) = 0 - 
Using the Churchill-Chu correlation for a horizontal cylinder, estimate h due to free convection. 

•\2 



— hD 

Nud = = < 

k 



0.60 + - 



0.387RaD 6 



l + (0.559/Pr)' 



9/16 



8/27 



Ra D = 



g/JATD~ 



va 



To evaluate Ra D and Nud > assume T s = 25°C, giving 

9.8m/s 2 (l/296K)(25-20)K(0.004m) 3 o1 „ 
Rap = ■ ■ -, -, — = 31.0 

15.53 x 10" 6 m 2 / s x 22.0 x 10" 6 m 2 /s 



(2) 



(3,4) 



h = 



0.026 W/m -K 
0.004m 



0.60 + 



0.387(31.0) 



1/6 



1 + (0.559/0.708)' 



9/16 



8/27 



= 8.89 W/m -K 



With s = 0.4, the energy balance, Eq. (2), becomes 

0.4 x 5.67 x 10" 8 w/ m 2 • K 4 [(30 + 273) 4 - T S 4 ]K 4 - 8.89 w/ m 2 • K[T S - (20 + 273)]K = 0 
where all temperatures are in kelvin units. By trial- and-error, find 

T s * 22.2°C 



(5) 



(6) 



< 

Continued... 
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PROBLEM 12.75 (Cont.) 



(b) The thermocouple measurement error is defined as AT =T S - T^ and is a consequence of radiation 
exchange with the surroundings. Using the IHT First Law Model for an Isothermal Solid Cylinder with 
the appropriate Correlations and Properties Toolpads to solve the foregoing energy balance for T s , the 
measurement error was determined as a function of the emissivity. 

5 -i 1 1 1 1 1 1 1 1 1 




0 -| 1 1 1 1 1 1 1 1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Emissivity, eps 

The measurement error decreases with decreasing s, and hence a reduction in net radiation transfer from 
the surroundings. However, even for s = 0.1, the error (AT « 1°C) is not negligible. 

COMMENT: A trial-and-error solution accounting for the effect of temperature-dependent properties 
and various values of h yields T s = 22. 1 °C ( h =7.85 W/m 2 -K). 
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PROBLEM 12.76 

KNOWN: Temperature sensor imbedded in a diffuse, gray tube of emissivity 0.8 positioned within a 
room with walls and ambient air at 30 and 20 °C, respectively. Convection coefficient is 5 W/m 2 - K . 

FIND: (a) Temperature of sensor for prescribed conditions, (b) Effect of surface emissivity and using a 
fan to induce air flow over the tube. 



SCHEMATIC: 



••V. 



conv 



Walls 
T w = 30 °C 



1 rad 



C 



Tube with sensor, T t , s t = 0.2, 0.5 or 0.8 



^ = 20 °C 

2 ^ h ± 25 W/m 2 K 



ASSUMPTIONS: (1) Room walls (surroundings) much larger than tube, (2) Tube is diffuse, gray 
surface, (3) No losses from tube by conduction, (4) Steady-state conditions, (5) Sensor measures 
temperature of tube surface. 

ANALYSIS: (a) Performing an energy balance on the tube, Ej n - E out = 0 . Hence, qj a( j - qconv = 0 , 
or £ t cr(T 4 - T t 4 ) - h(T t - T^ ) = 0 . With h = 5 W/m 2 - K and s t = 0.8, the energy balance becomes 

(30 + 273) 4 - T t 4 K 4 = 5 w/m 2 • K [T t - (20 + 273)] K 



0.8x5.67x10 °W/m 2 -K 4 



4.5360x10" 



303 -T 



5[T t -293] 



which yields T, = 298 K = 25°C. 

(b) Using the IHT First Law Model, the following results were determined. 




5 10 15 20 

Convection coefficient, h(W/m A 2.K) 



epst = 0.8 
epst = 0.5 
epst = 0.2 



The sensor temperature exceeds the air temperature due to radiation absorption, which must be balanced 
by convection heat transfer. Hence, the excess temperature T t - T^ , may be reduced by increasing h or 

by decreasing a t , which equals s t for a diffuse-gray surface, and hence the absorbed radiation. 

COMMENTS: A fan will increase the air velocity over the sensor and thereby increase the convection 
heat transfer coefficient. Hence, the sensor will indicate a temperature closer to T^ 
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PROBLEM 12.77 



KNOWN: Diffuse-gray sphere is placed in large oven with known wall temperature and experiences 
convection process. 

FIND: (a) Net heat transfer rate to the sphere when its temperature is 300 K, (b) Steady-state temperature 
of the sphere, (c) Time required for the sphere, initially at 300 K, to come within 20 K of the steady-state 
temperature, and (d) Elapsed time of part (c) as a function of the convection coefficient for 10 < h < 25 
W/ m 2 -K for emissivities 0.2, 0.4 and 0.8. 

SCHEMATIC: 



Oven 



•1 



3 

Mi 



-T 0 = 600 K 



o, 



T s = 300 K, D = 30 mm, e = 0.8 




Air 



7^= 400 K 
h = 15 W/m 2 .K 



ASSUMPTIONS: (1) Sphere surface is diffuse-gray, (2) Sphere area is much smaller than the oven wall 
area, (3) Sphere surface is isothermal. 

PROPERTIES: Sphere (Given) : a = 7.25 x 10" 5 m 2 /s, k = 185 W/m-K. 

E= £ E b (T s ) 



ANALYSIS: (a) From an energy balance on the sphere find 
Inet = Qui ~ lout 
Inet = a GA s + q conv - EA S 
n4 



q net = aaT 0 A s + hA s (T^ -T s ) - saT s A s 



(1) 




G = a7„ 



conv 



Note that the irradiation to the sphere is the emissive power of a blackbody at the temperature of the oven 
walls. This follows since the oven walls are isothermal and have a much larger area than the sphere area. 
Substituting numerical values, noting that a = 8 since the surface is diffuse-gray and that A s = 7tD 2 , find 

qnet = 0.8 x 5.67 x 10" 8 w/m 2 -K 4 (600K) 4 +15w/m 2 -K x(400-300)K 
-0.8 x 5.67 x 10~ 8 W/m 2 • K 4 (300K) 4 k(30 x 10~ 3 m) 2 

q net =[16.6 + 4.2 -1.0] W = 19.8 W. 

(b) For steady-state conditions, q net in the energy balance of Eq. (1) will be zero, 
0 = «cjTo A s + hA s - T ss ) - «^T S 4 S A s 

Substitute numerical values and find the steady-state temperature as 



(D< 



(2) 



*ss 



:538.2K 



Continued... 
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PROBLEM 12.77 (Cont.) 



(c) Using the IHT Lumped Capacitance Model considering convection and radiation processes, the 
temperature- time history of the sphere, initially at T s (0) = T ; = 300 K, can be determined. The elapsed 
time required to reach 

T s (t 0 ) = (538.2 - 20) K = 518.2K 
was found as 

t 0 = 855s = 14.3 min < 

(d) Using the IHT model of part (c), the elapsed time for the sphere to reach within 20 K of its steady- 
state temperature, t f , as a function of the convection coefficient for selected emissivities is plotted below. 

Time-to-reach within 20 K of steady-state temperature 
2500 -| 1 1 1 1 1 1 




500 -| 1 1 1 1 1 

10 15 20 25 

Convection coefficient, h (W/m A 2.K) 



— e— eps = 0.2 

eps = 0.4 

— a— eps = 0.8 



For a fixed convection coefficient, t f increases with decreasing 8 since the radiant heat transfer into the 
sphere decreases with decreasing emissivity. For a given emissivity, the t f decreases with increasing h 
since the convection heat rate increases with increasing h. However, the effect is much more significant 
with lower values of emissivity. 

COMMENTS: (1) Why is t f more strongly dependent on h for a lower sphere emissivity? Hint: 
Compare the relative heat rates by convection and radiation processes. 

(2) The steady-state temperature, T ss , as a function of the convection coefficient for selected 
emmissivities calculated using (2) is plotted below. Are these results consistent with the above plot of t f 
vsh? 




— e— eps = 0.2 

eps = 0.4 

—6— eps = 0.8 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.78 



KNOWN: Thermograph with spectral response in 9 to 12 lxhi region views a target of area 200mm 
with solid angle 0.001 sr in a normal direction. 

FIND: (a) For a black surface at 60°C, the emissive power in 9 - 12 Lxm spectral band, (b) Radiant 
power (W), received by thermograph when viewing black target at 60°C, (c) Radiant power (W) 
received by thermograph when viewing a gray, diffuse target having s = 0.7 and considering the 
surroundings at T sur = 23°C. 



SCHEMATIC: 



Power to 




~T~sur~^-^ ^ 



T^eo°c 



thermograph w=aooisr 




Furnace wall 



ASSUMPTIONS: (1) Wall is diffuse, (2) Surroundings are black with T sur = 23°C. 
ANALYSIS: (a) Emissive power in spectral range 9 to 12 urn for a 60°C black surface is 
E t = E b (9 - 12 //m) = E b [f(0 -> 12//m) - F(0 - 9 //m)] 

where E b (T s ) = crT s 4 . From Table 12.1: 

A 2 T S = 12 x (60 + 273)* 4000 //m K, F(0-12//m) = 0.481 

A { % =9x(60 + 273) « 3000 jum K, F(0-9//m) = 0.273. 

Hence 

E t = 5.667 x 10" 8 W / m 2 • K 4 x (60 + 273) 4 K 4 [0.48 1 - 0.273] = 145 W / m 2 . 
(b) The radiant power, qb (W), received by the thermograph from a black target is determined as 



q b = — • A s cos 6\ ■ co 
n 















H 




J 6 ~ 





where 



Hence, 



E t = emissive power in 9 - 12 ixm spectral region, part (a) result 

2 -4 2 

A s = target area viewed by thermograph, 200mm (2 x 10 m ) 
co = solid angle thermograph aperture subtends when viewed 

from the target, 0.001 sr 
0 = angle between target area normal and view direction, 0°. 



qb 



145 W/m" 



n sr 



x [l x 10" 4 m 2 J x cos 0° x 0.001 sr = 9.23 juW. 



Continued 
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PROBLEM 12.78 (Cont.) 



(c) When the target is a gray, diffuse emitter, s = 0.7, the thermograph will receive emitted power from 
the target and reflected irradiation resulting from the surroundings at T sur = 23°C. Schematically: 

T S =60°C 
e=a7 




The power is expressed as 

q = q e + q r = s + I r • A s cos 0\ ■ co 



F (0^12 jum) - F (0^9 jum) 



where 



qb = radiant power from black surface, part (b) result 

F(o . x) = band emission fraction for T sur = 23°C; using Table 12.1 

X 2 T sur = 12 x (23 + 273) = 3552 Lim-K, ^0-%) = °- 394 

Xi T sur = 9 x (23 + 273) = 2664 Lim-K, ^0-%) = °- 197 

I r = reflected intensity, which because of diffuse nature of surface 



l t =p- = (l-e) 
n 



E b( T sur) 



71 



Hence 



, . 5.667 x 10 W / m • K x ( 273 + 23) K 

= 0.7 x 9.23 juW + (1-0.7) i '- 

n sr 

x|2xl0" 4 m 2 jx cos 0°x 0.001 sr[0.394-0.197] 



q = 6.46//W + 1.64//W = 8.10//W. < 

COMMENTS: (1) Comparing the results of parts (a) and (b), note that the power to the thermograph 
is slightly less for the gray surface with s = 0.7. From part (b) see that the effect of the irradiation is 
substantial; that is, 1.64/8.10 « 20% of the power received by the thermograph is due to reflected 
irradiation. Ignoring such effects leads to misinterpretation of temperature measurements using 
thermography. 

(2) Many thermography devices have a spectral response in the 3 to 5 |im wavelength region as well as 
9-12 Lim. 
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PROBLEM 12.79 

KNOWN: Radiation thermometer (RT) viewing a steel billet being heated in a furnace. 

FIND: Temperature of the billet when the RT indicates 1 160K. 

SCHEMATIC: 



Billet^ 


■—furnace. 






'////////// 





-Radiation 
thermometer 

T a =U60K 



ASSUMPTIONS: (1) Billet is diffuse-gray, (2) Billet is small object in large enclosure, (3) Furnace 
behaves as isothermal, large enclosure, (4) RT is a radiometer sensitive to total (rather than a 
prescribed spectral band) radiation and is calibrated to correctly indicate the temperature of a black 
body, (5) RT receives radiant power originating from the target area on the billet. 

ANALYSIS: The radiant power reaching the radiation thermometer (RT) is proportional to the 
radiosity of the billet. For the diffuse-gray billet within the large enclosure (furnace), the radiosity is 



J = ^E b (T) + pG = ^E b (T) + (l-^)E b (T w ) 
J = ^o-T 4 +(l-^)o-T^ 



(1) 



where a = s, G = E b (T w ) and E b = a T . When viewing the billet, the RT indicates T a = 1 100K, 
referred to as the apparent temperature of the billet. That is, the RT indicates the billet is a blackbody 

at T a for which the radiosity will be 



Eb(T a ) = Ja=^T a 4 



(2) 



Recognizing that J a = J, set Eqs. (1) and (2) equal to one another and solve for T, the billet true 
temperature. 



T = 



T 4 - 



1- 



-T 4 



1/4 



Substituting numerical values, find 
T = 



— (1160K) 4 
0.8 v ' 



() - 8 (1500K) 4 



il/4 



0.8 



= 999K. 



COMMENTS: (1) The effect of the reflected wall irradiation from the billet is to cause the RT to 
indicate a temperature higher than the true temperature. 

(2) What temperature would the RT indicate when viewing the furnace wall assuming the wall 
emissivity were 0.85? 

(3) What temperature would the RT indicate if the RT were sensitive to spectral radiation at 0.65 Lxm 
instead of total radiation? Hint: in Eqs. (1) and (2) replace the emissive power terms with spectral 
intensity. Answer: 1365K. 
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PROBLEM 12.80 

KNOWN: Irradiation and temperature of a small surface. 

FIND: Rate at which radiation is received by a detector due to emission and reflection from the 
surface. 

SCHEMATIC: 




Ti 



<£=30° 

^G^SOOW/m 2 - 

A s =10~ 4 7rt^,7l = SOOK t £=0.7 



ASSUMPTIONS: (1) Opaque, diffuse-gray surface behavior, (2) A s and Aj may be approximated as 
differential areas. 

ANALYSIS: Radiation intercepted by the detector is due to emission and reflection from the surface, 
and from the definition of the intensity, it may be expressed as 

q s _ d =I e+r A s cos#A«. 
The solid angle intercepted by Aj with respect to a point on A s is 

A(y = ^L = l 0 - 6 sr. 
r 2 

Since the surface is diffuse it follows from Eq. 12.22 that 
J 



I 



e+r 



n 



where, since the surface is opaque and gray (e = a = 1 - p), 
J = E + /?G = ^E b +(l-^)G. 

Substituting for Eb from Eq. 12.26 



J = £<jT s 4 + (!-<?) G = 0.7x5.67x10 



-8 W 



m 2 -K 4 



(500K) 4 + 0.3x1500 



W 



m 



or 



Hence 



and 



j = (2481 + 450)W/m 2 =2931W/m : 



le+r - 



2931 W/m z 2 

= 933W/m -sr 

n sr 



q s _ d =933 W/m 2 -sr(l0 4 m 2 x0.866)10 u sr = 8.08x10 ° W. 
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PROBLEM 12.81 

KNOWN: Small, diffuse, gray block with 8 = 0.92 at 35°C is located within a large oven whose walls 
are at 175°C with s = 0.85. 

FIND: Radiant power reaching detector when viewing (a) a deep hole in the block and (b) an area on 
the block's surface. 

SCHEMATIC: 



Small, diffuse, 
gray block, 

T s ^C,e=0.9Z 




,T sur =175 0 C,e = a&5 

A ► e 2 t R>wer to 

J detector 



ASSUMPTIONS: (1) Block is isothermal, diffuse, gray and small compared to the enclosure, (2) 
Oven is isothermal enclosure. 

ANALYSIS: (a) The small, deep hole in the isothermal block approximates a blackbody at T s . The 
radiant power to the detector can be determined from Eq. 12.6 written in the form: 



q = I e -A t -<y t = 



n 



•A t co t 



n sr 



5.67xl0" 8 x(35 + 273) 4 



W 



;r(3xl(T 3 j 2 m 2 



-xO.001 sr = 1.15//W < 



m 



where A t = n D t / 4. Note that the hole diameter must be greater than 3mm diameter. 

(b) When the detector views an area on the surface of the block, the radiant power reaching the 
detector will be due to emission and reflected irradiation originating from the enclosure walls. In 
terms of the radiosity, Section 12.2.4, we can write using Eq. 12.18, 

q = I e+r -A t -(y t =--A t -(y t . 

n 

Since the surface is diffuse and gray, the radiosity can be expressed as 
J = ^ b (T s ) + pG^E b (T s ) + (l- £ )E b (T sur ) 

recognizing that p = 1 - s and G = E^, (T sur ). The radiant power is 
q = -[e E b (T s ) + (l - e) E b (T sur )] • A t • co t 



K 



n sr L 



0.92 x 5.67 x 10" 8 (35 + 273) 4 + (l - 0.92) x 5.67 x 10" 8 (175 + 273) 4 



W/m z x 



;r(3xl0" 3 j 2 m 2 



x 0.001 sr = 1.47//W. 



COMMENTS: The effect of reflected irradiation when 8 < 1 is important for objects in enclosures. 
The practical application is one of measuring temperature by radiation from objects within furnaces. 
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PROBLEM 12.82 



KNOWN: Diffuse, gray opaque disk (1) coaxial with a ring-shaped disk (2), both with prescribed 
temperatures and emissivities. Cooled detector disk (3), also coaxially positioned at a prescribed 
location. 

FIND: Rate at which radiation is incident on the detector due to emission and reflection from Ai. 
SCHEMATIC: 

A a fr=lAT i =1000K-1FTr*rrfOmm 

T-r;=5003 



< Z. A =1 m 




tmm 



D s =10mm 
L^lm > 



ASSUMPTIONS: (1) Aj is diffuse-gray, (2) A 2 is black, (3) Ai and A 3 « R , the distance of 
separation, (4) Ar « rj, such that A 2 ~ 2 n T[ Ar, and (5) Backside of A 2 is insulated. 

ANALYSIS: The radiant power leaving Aj intercepted by A3 is of the form 
qi^3=(Jl/^)A 1 cos^-fi> 3 _ 1 

where for this configuration of Ai and A3, 



#L=0° ^_i = A 3 cos^/(L a +Lb) z 



^3=0°. 



Hence, 



qi^ 3 = ( Ji / n) K X ■ A3 / (L A + L B f h = pG\ + (Ti ) = pG t + saT* 

The irradiation on Ai due to emission from A 2 , Gi, is 

G1 = q 2 ^i / Ai = (l 2 • A 2 cos # 2 ■ «l-2 ) / A l 

where 

9 

a>i_2 = Ai cos^/R 
is constant over the surface A 2 . From geometry, 

0[ = 0' 2 = tan" 1 [(rj + Ar / 2) / L A ] = tan" 1 [(0.500 + 0.005) / 1 .000] = 26.8° 

R = L A / cos 0{ =1 ml cos 26.8° = 1.12m. 

Hence, 




IAi =360.2 W/m z 



G1 = foT 4 /^)a 2 cos 26.8° • A lC os26.8°/(l.l2m) : 

-2 2 

using A 2 = 27rriAr = 3.142x10 m and 

J1 =(1-0.3) x 360.2 W / m 2 + 0.3 x 5.67 x 10" 8 W/m 2 -K 4 (400 Kf =687.7 W/m" 
Hence the radiant power is 



2 

qi^ 3 =^687.7 W/m 2 /^j ^(0.010 m) 2 /4J /(l m + 1 m) 2 =337.6xl0" 9 W. < 
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PROBLEM 12.83 



KNOWN: Diameter, emissivity and temperature of a spherical object. Aperture areas, locations, 
and spectral transmissivity of the optics of two detectors. Surroundings temperature and 
irradiation detected at two times. 

FIND: Velocity of the object, location and time at which the object will strike the y = 0 plane. 
SCHEMATIC: 




X 



Detector A (x = 0) Detector B (x = 5m) 



ASSUMPTIONS: (1) Diffuse object, (2) Object travels in a straight line, (3) Object is located 
above y = 2 m. 

ANALYSIS: We begin by analyzing the situation at time t = 0. For Detector A, the irradiation 
that is detected, G<i,a, is composed of irradiation from the surroundings, G sur , and irradiation from 
the object, G ob j. Hence, G<i,a = G sur ,d,A+ G 0 bj,d ; A. The irradiation from the surroundings that is 
detected is 

G sur,d,A = rtI b F (0-2.5nm) T X = E b( 300K ) F (0-2.5Lim)'<a 

= 5 .67 x 1 (T 8 W / m 2 • K 4 x 300 4 K 4 x 1 .2 x 1 (T 5 x 0.9 = 4.96 x 1 (T 3 W / m 2 
Therefore, G obj;d>A = 5.06 x 10" 3 W/m 2 - 4.96 x 10" 3 W/m 2 = 100 x 10" 6 W/m 2 . From Example 12.1, 



G obj,d,A = [l ob j A obj cos Qobj A A cos 6a / A A r A ] x F (0-2.5 M m)^X 



2 

Since the projected area of the sphere is a circle, A ob j cos9 ob j = 7tD ob j /4 . In addition, 
: obj = e obj CTT obj /4 • Therefore, 

Continued. 
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PROBLEM 12.83 (Cont.) 



100xlO" 6 W/m 2 = 



0.95x5.67 xl(T 8 W/m 2 -K 4 x(600K) 4 x (9 xl0~ 3 m) 2 xcos6 A x0.01375x0.9]/4r 



Simplifying the preceding expression results in 

^A=57.14xl0- 3 m- 2 (1) 
We also note that 

x 0 bj,i = r A sin(9 A , y obj> i = r A cos(9 A (2,3) 

where x ob y and y 0 bj,i are the x- and y-locations of the object. For Detector B, G d;B = G sur , d , B + 
G ob j, d ,B where G sur , d , B = G sur , d , A = 4.96 x 10" 3 W/m 2 . Therefore, G ob j, d , B = 5.00 x 10~ 3 W/m 2 - 4.96 x 
10" 3 W/m 2 = 40 x 10" 6 W/m 2 . As for Detector A, 



Gobj.d.B 



I 0 bj A obj c °s 6 0 bj A B cos 6 B / A B r 2 



x F (0-2.5nm) x X 



Therefore, 



40xlO~ 6 W/m 2 = 



0.95 x 5.67 x 10" 8 W/m 2 • K 4 x (600K) 4 x (9 x 10" 3 m) 2 x cos6 B x 0.01375 x 0.9 



/4r, 



Simplifying the preceding expression results in 

^pL = 22.86 xl0- 3 m- 2 (4) 



where 

Xobj.i = r B sin6B + 5m, y obj; i = r B cos6B (5,6) 

Equations 1 through 3 may be solved simultaneously to find all possible positions of the object at 
t = 0, as determined from Detector A. Equations 4 through 6 may be solved simultaneously to 
find all possible positions of the object at t = 0, as determined from Detector B. These results are 
plotted below in the first graph. Note that there are two possible locations. Since we know the 
object is located above y = 2 m, the object is located at the single position shown, which 
corresponds to x obj = 1.078 m, y obj = 3.965 m. 

Now, consider t = 4 ms. The analysis proceeds as for t = 0, resulting in 

28.57 xl0- 3 m- 2 (7) 
x 0 bj,2 = r A sin0 A , y obj>2 = r A cos# A (8,9) 

^^ = 51.43xl0- 3 nr 2 (10) 

Continued... 
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PROBLEM 12.83 (Cont.) 



x 0 bj,2 = r B sin^ + 5 m, y ob j,2= r B cos6b (11,12) 

Equations 7 through 9 may be solved simultaneously to find all possible positions of the object at 
t = 4 ms as determined from Detector A. Equations 10 through 12 may be solved to find all 
possible positions at t = 4 ms, as determined from Detector B. The two possible positions are 
shown in the second plot below. Since the object is located above y = 2 m, the object is at the 
single position shown, which is x ob j,2= 3.360 m, y 0 bj,2= 3.903 m. 

The velocity components of the object are 

(xobj,2-Xobj,i) (3.360 m-1.078m) 

v x=- — ^ = ^ r ^ = 571m/s < 

At 4xl0" 3 s 

(y 0 bj,2-yobj,i) (3.903 m -3.965 m) 
y v — j ^- = -15.5m/s < 

y At 4xl0~ 3 s 

The object's time of flight is t f = y ob j { /|v y | = 3.965 m/15.5 m/s = 0.256 s and the object will 
travel a distance of d = v x t f = 570.5 m x 0.256 s = 146 m. < 




Continued... 
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PROBLEM 12.83 (Cont.) 



8 



t = 4 ms 



6 




E. 



4 



2 



0 



■5 



0 



5 



10 



x(m) 



COMMENTS: (1) This is known as an "inverse" problem. Multiple solutions exist to such 
problems. (2) Use of a third detector would allow one to determine the object's position in three- 
dimensional space. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.84 



KNOWN: Sample at T s = 700 K with ring-shaped cold shield viewed normally by a radiation detector. 

FIND: (a) Shield temperature, T sh , required so that its emitted radiation is 1% of the total radiant power 
received by the detector, and (b) Compute and plot T sh as a function of the sample emissivity for the range 
0.05 < s < 0.35 subject to the parametric constraint that the radiation emitted from the cold shield is 0.05, 
1 or 1.5% of the total radiation received by the detector. 



SCHEMATIC: 



I I 



-Radiation detector, 
A d = 4x 10" 6 m 2 




lample, T s = 7( 



Cold shield, T sh , s = 1 



ASSUMPTIONS: (1) Sample is diffuse and gray, (2) Cold shield is black, and (3) A d ,Ds ,D? « L 2 t . 

ANALYSIS: (a) The radiant power intercepted by the detector from within the target area is 

Id = 1s^d +C lsh-Kl 
The contribution from the sample is 

q s -> d = !s,e A s cos #s A( °d-s 

h,e = £ s E b/ ft = £ s (jT s /ft 
A d cos 0fi A d 



Aa>, 



'd-s 



4 / 2 

q s _>d = £ s °" T s A s A d/^ L t 



The contribution from the ring-shaped cold shield is 
qsh->d = ^h^Ash cos ^sh Aft; d-sh 



and, from the geometry of the shield -detector, 



ft I 2 2 
A sh =-|Df-D 2 



cos# sh = L 



1/2 



7 



'A 



sh 



•Da 
D, 



(1) 



Continued. 
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PROBLEM 12.84 (Cont.) 



where D = (D s +D t )/2 

cos 9ft 



A ^d-sh 



where R = 



L 2 + D 2 



1/2 



cos 9ft = cos # sh 



°~ T sh a 
q S h-Hi = A sh 

n 



((D s+ D t )/4) 2 +L 2 



1/2 



A d 



((D s+ D t )/4) 2 +L 2 



(2) 



The requirement that the emitted radiation from the cold shield is 1% of the total radiation intercepted by 
the detector is expressed as 

M=d = fed = aQ1 (3) 

qtot q S h-d+q s -d 

By evaluating Eq. (3) using Eqs. (1) and (3), find 

T sh =134K < 

(b) Using the foregoing equations in the IHT workspace, the required shield temperature for q s h-d/qtot = 
0.5, 1 or 1.5% was computed and plotted as a function of the sample emissivity. 



250 



200 



150 




0.05 0.15 0.25 

Sample emissivity, epss 

— e— Shield /total radiant power = 0.5 % 

1.0% 

—a— 1.5% 



0.35 



As the shield emission-to-total radiant power ratio decreases ( from 1.5 to 0.5% ) , the required shield 
temperature decreases. The required shield temperature increases with increasing sample emissivity for a 
fixed ratio. 
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PROBLEM 12.85 



KNOWN: Infrared thermograph with a 3- to 5-micrometer spectral bandpass views a metal plate 
maintained at T s = 327°C having four diffuse, gray coatings of different emissivities. Surroundings at T sur 
= 87°C. 

FIND: (a) Expression for the output signal, S 0 , in terms of the responsivity, R (LxV-m 2 /W), the black 
coating (s 0 = 1) emissive power and appropriate band emission fractions; assuming R = 1 uV-m 2 /W, 
evaluate S 0 (V); (b) Expression for the output signal, S c , in terms of the responsivity R, the blackbody 
emissive power of the coating, the blackbody emissive power of the surroundings, the coating emissivity, 
s c , and appropriate band emission fractions; (c) Thermograph signals, S c (lxV), when viewing with 
emissivities of 0.8, 0.5 and 0.2 assuming R = 1 uV-m 2 /W; and (d) Apparent temperatures which the 
device will indicate based upon the signals found in part (c) for each of the three coatings. 

SCHEMATIC: 



T =87 \y. 

' sur w 



T s = 327 °C, e 0 = 1 



Black coating, e 0 



Pc G 



sur 



e c E b( T s) 



T = 327 °C, s c =1 
Coating, e < 1 



ASSUMPTIONS: (1) Plate has uniform temperature, (2) Surroundings are isothermal and large 
compared to the plate, and (3) Coatings are diffuse and gray so that s = a and p = 1 - s. 

ANALYSIS: (a) When viewing the black coating (s 0 =1), the scanner output signal can be expressed as 

So=RF(V^T s ) E b( T s) (D 

where R is the responsivity (|iV-m 2 /W), E b (T s ) is the blackbody emissive power at T s and j ^ is 

the fraction of the spectral band between A,j and X 2 in the spectrum for a blackbody at T s , 

F (V^T S ) = F (0-^,T s )- F (0-A 1 ,T s ) (2) 

where the band fractions Eq. 12.29 are evaluated using Table 12.1 with *k{I s = 3 urn (327 + 273)K = 1800 
Lirn-K (F 0 _ w = 0.0393) and ^ 2 T S = 5 |im (327 + 273) = 3000 Lim- K (F 0 _ w = 0.2732). Substituting 
numerical values with R = 1 |iV-m 2 /W, find 



S 0 = 1//V- m 2 /W [0.2732 - 0.0393] 5.67 x 10 8 W/ m 2 - K (600K)" 
S G =1718//V 



(b) When viewing one of the coatings (s c < e 0 = 1), the output signal as illustrated in the schematic above 
will be affected by the emission and reflected irradiation from the surroundings, 

(3) 



Continued... 



Sc = R -A 2 ,T S f cE b (T s ) + F (2i )Pc G c 
where the reflected irradiation parameters are 
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PROBLEM 12.85 (Cont.) 



p c =l-s c G c =crT sur 

and the related band fractions are 

F ( A] -A 2 ,T sur ) _ F (0-/L 2 ,T sur ) F (0-Aj ,T sur ) 
Combining Eqs. (2-6) above, the scanner output signal when viewing a coating is 



(4,5) 
(6) 



S C =R 



£ c aT s + 



F (0-2 2 T S )- F (0-2!T S ) 
(c) Substituting numerical values into Eq. (7), find 



F (0-2 2 T sur ) " F (0-2 2 T sur ) J (1 - *c ) ^ | (7) 



S c = 1 //V- rn/ W |[0.2732 - 0.0393] s c a (600K) 4 + [0.0393 - 0.0010] (l - s c ) a (360K) 

where for A, 2 T sur = 5 |im x 360 K = 1800 Lim-K, f(o-/l 2 T sur ) = °- 0393 and ^i T sur = 3 |im x 360 K = 1080 
um-K, ^o-^T sur ) = 0.0010. For 8 C = 0.80, find 

S c (s c = 0.8) = 1 //V- m 2 /w {1375 + 7.295} w/ m 2 = 1382 //V < 

S c (s c =0.5) = l//V-m 2 /\V {859.4 + 18.238} w/m 2 = 878//V < 

S c (f c = 0.2) = 1 //V- m 2 /\V {343.8 + 29.180} w/ m 2 = 373 //V < 

(d) The thermograph calibrated against a black surface (si = 1) interprets the radiation reaching the 
detector by emission and reflected radiation from a coating target (e c < s 0 ) as that from a blackbody at an 
apparent temperature T a . That is, 



Sc =RF(A 1 -A 2 ,T a )E b (T a ) =R^0-A 2 T a )-F(0-A 1 T a ), 



crT n 



(8) 



For each of the coatings in part (c), solving Eq. (8) using the IHT workspace with the Radiation Tool, 
Band Emission Factor, the following results were obtained, 



Sc 


Sc (LlV) 


T a (K) 


T a - T s (K) 


0.8 


1382 


579.3 


-20.7 


0.5 


878 


539.2 


-60.8 


0.2 


373 


476.7 


-123.3 



COMMENTS: (1) From part (c) results for S c , note that the contribution of the reflected irradiation 
becomes relatively more significant with lower values of s c . 

(2) From part (d) results for the apparent temperature, note that the error, (T - T a ), becomes larger with 
decreasing s c . By rewriting Eq. (8) to include the emissivity of the coating, 

Sc = R [ F (0-2 2 T a ) " F (0-2 lTa ) ] ^ a 4 
The apparent temperature T a will be influenced only by the reflected irradiation. The results correcting 
only for the emissivity, s c , are 



0.8 



0.5 



0.2 



T a '(K) 
Ta-T S (K) 



600.5 
+0.5 



602.2 
+2.2 



608.5 
+8.5 
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PROBLEM 12.86 



KNOWN: Spectral range of a CCD device used for infrared temperature measurement, 
thickness of quartz window, transmissivity of polyethylene sheet, emissivity of painted aluminum 
billet, temperatures of the billet, window and surroundings. 

FIND: (a) Temperature indicated by the CCD device when quartz window is used, (b) 
Temperature indicated by the CCD device when polyethylene window is used. 

SCHEMATIC: 



Quartz Window (6 mm) 
or 

Polyethylene Sheet (130 |am) 
T w = 23 =C 




Pal G 



Aluminum billet: T„ = 50 5 C, s = 0.96 



ASSUMPTIONS: (1) Large surroundings, (2) Diffuse surfaces, (3) Radiative properties do not 
vary in the spectral range of the CCD device, (4) Reflection from bottom of window is negligible. 



ANALYSIS: (a) In the spectral range of the CCD detector, 



GcCD,9-12 - T w E al [ F (0-12um) F (0-9u.m) ] + E w [ F (0-12u.m) F (0-9um)] 

+ p w G[F (0 _ 12Mm) - F (0 _ 9Mm) J + x w p a iG[F (0 _ 12| ^ m) - F (0 _ 9| ^ m) J 



(1) 



From Figure 12.23, x w « 0 in the spectral range (9 Lxm < X < 12 Lxm). Hence, Equation 1 becomes 



G 



CCD.9-12 



F (0-12u.m) F (0-9u.m) 



8 w ctT w +Pw CrT s 4 ur] 



Since a w + p w = 1 and a w = s w for a diffuse surface that is at the same temperature at the 
surroundings (see Equation 12.36) it follows that 



'000,9-12 



F (0-12u.m) F (0-9u.m) 



F (0-12u.m) F (0-9u.m) 



where Td is the temperature indicated by the detector. Hence, T d = T sur = 23°C. 



< 

Continued.. 
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PROBLEM 12.86 (Cont.) 



(b) With the polyethylene sheet as the window and an aluminum temperature of T a i = 50°C + 273 
K = 323 K, 



GcCD,9-12 ~~ T w S al a T;d [ F (0-12um-323K) F (0-9um-323K) ] + S w a Tw [F(0-12nm-300K) F (0-9um-300K) ] 

+ Pw a T S u r [F (0 _ 12Mm .300K) ~ F(0-9|xm-300K)] + T wPal a T S u r [F (0 _ 12 ^ m .300K) ~ F (0-9um-300K) ] 

For the window, a w + p„ + x„ = 1. Since a^ w = s^ ;W for the diffuse surface and since T w = T sur , a w 
= s w as evident in Equation 12.36. Hence, 

GcCD,9-12 = [ F (0-12iim-T d ) ~ F (0-9nm-T d ) ] aT d = T w 8 al aT al [ F (0-12iim-323K) ~ F (0-9nm-323K) ] 

+ aT s 4 ur (1 - X w ) [F (0 _ 12Mm . 30 0K) ~ F (0-9ixm-300K) ] + T w (1 ~ 8 al ) aT sur [ F (0-12um-300K) ~ F (0-9um-300K) ] 

or 



x w 8 al T al [ F (0-12um-323K) F (0-9nm-323K) ] + C 1 " 


' c w s al)'^sur 


_ F (0-12p.m-300K) F (0-9nm-300K) ] 


[ F (0-12|4m-T d ) " 


' F (0-9nmT d )_ 





T d = 



Substituting values, 



1/4 



0.78 x 0.96 x (323K) 4 [0.4576 - 0.2521] + (1 - 0.78 x 0.96) x (300K) 4 [0.4036 - 0.2055] 



[ 



F (0-12nmT d ) F (0-9 M mT d )] 



1/4 



A trial-and-error solution, or solution using IHT yields 

T d = 317.6 K = 44.6°C 



COMMENTS: (1) Materials that are transparent in the visible spectrum, such as quartz, are 
often opaque in the infrared part of the spectrum. The quartz window does not allow the warm 
billet to be viewed by the CCD device. (2) This analysis could be extended to calibrate the CCD 
device so that the indicated temperature is identical to the actual temperature. 
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PROBLEM 12.88 



KNOWN: Painted plate located inside a large enclosure being heated by an infrared lamp bank. 

FIND: (a) Lamp irradiation required to maintain plot at T s = 140°C for the prescribed convection and 
enclosure irradiation conditions, (b) Compute and plot the lamp irradiation, Gi amp , required as a function 
of the plate temperature, T s , for the range 100 < T s < 300 °C and for convection coefficients of h = 15, 20 
and 30 W/m 2 -K, and (c) Compute and plot the air stream temperature, T^, required to maintain the plate 
at 140°C as a function of the convection coefficient h for the range 10 < h < 30 W/m 2 -K with a lamp 
irradiation Gi amp = 3000 W/m 2 . 

SCHEMATIC: 



'conv. 



^o= 27 °C 
h = 20 W/m 2 -K 



\ 



G M/a// = 450W/m 2 
I f lamp fE s 



Plate 



) L 

rrrrrrrrrrrrrrr >v 



r s = 140 °C 



wall 



lamp 



0.8 
= 0.7 
= 0.6 



ASSUMPTIONS: (1) Steady-state conditions, (2) No losses on backside of plate. 
ANALYSIS: (a) Perform an energy balance on the plate, per unit area, 



E in E out _ 0 



^wall ' ^wall + ^lamp^lamp 1c 



E s =0 



(1) 
(2) 



where the emissive power of the surface and convective fluxes are 



E s - f s E b( T s)- f s" crT s 



iconv 



= h(T s -T 00 ) 



(3,4) 



Substituting values, find the lamp irradiation 

0.7 x 450 w/ m 2 + 0.6 x G lamp - 20 w/ m 2 • K(413 - 300) K 



-0.8x5.67x10" 
G lamp = 5441 W/m 2 



W/'m 2 -K 4 (413K) 4 



(5) 
< 



(b) Using the foregoing equations in the IHT workspace, the irradiation, Gi amp , required to maintain the 
plate temperature in the range 100 < T s < 300 °C for selected convection coefficients was computed. The 
results are plotted below. 



E 
O 



20000 



12000 




200 

Plate temperature, Ts (C) 



300 



h= 15 W/m"2.K 
h = 20 W/m A 2.K 
h = 30 W/m A 2.K 



Continued. 
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PROBLEM 12.88 (Cont.) 



As expected, to maintain the plate at higher temperatures, the lamp irradiation must be increased. At any 
plate operating temperature condition, the lamp irradiation must be increased if the convection coefficient 
increases. With forced convection (say, h > 20 W/m 2 -K) of the airstream at 27°C, excessive irradiation 
levels are required to maintain the plate above the cure temperature of 140°C. 

(c) Using the IHT model developed for part (b), the airstream temperature, T^, required to maintain the 
plate at T s = 140°C as a function of the convection coefficient with Gi amp = 3000 W/m 2 -K was computed 
and the results are plotted below. 

120 -| 1 1 1 1 1 1 1 1 1 1 



80 



60 -f 1 1 1 1 1 1 1 1 1 

10 20 30 

Convection coefficient, h (W/m A 2.K) 

As the convection coefficient increases, for example by increasing the airstream velocity over the plate, 
the required air temperature must increase. Give a physical explanation for why this is so. 

COMMENTS: (1) For a spectrally selective surface, we should expect the absorptivity to depend upon 
the spectral distribution of the source and a ^ 8. 

(2) Note the new terms used in this problem; use your Glossary, Section 12.9 to reinforce their meaning. 
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PROBLEM 12.89 



KNOWN: Small sample of reflectivity, px, and diameter, D, is irradiated with an isothermal 
enclosure at Tf. 

FIND: (a) Absorptivity, a, of the sample with prescribed px, (b) Emissivity, s, of the sample, (c) Heat 
removed by coolant to the sample, (d) Explanation of why system provides a measure of px- 
SCHEMATIC: 



Aperture 




Water 
r cool J rig 



0.8 - 



D=30mm 



o.z 



o 



I / 

i / 

ASSUMPTIONS: (1) Sample is diffuse and opaque, (2) Furnace is an isothermal enclosure with area 
much larger than the sample, (3) Aperture of furnace is small. 

ANALYSIS: (a) The absorptivity, a, follows from Eq. 12.40, where the irradiation on the sample is 
G = E b (T f ) and ax = 1 - px- 

a = J o °° a x Q x dX / G = j£° (l - p x )E^ b (X, 1000K) dX I E b (1000K) 

a = (l- PX,\ ) F(0->^ ) + i 1 ~ PX,2 ) [l " F(0^ ) ■ 
Using Table 12.1 for XiT f = 4x 1000 = 4000 um-K, F (0 -X) = 0.481 giving 

a = (l-0.2)x0.481 + (l-0.8)x(l-0.48l) = 0.49. < 

(b) The emissivity, s, follows from Eq. 12.35 with sx = ax, = 1 - PA. since the sample is diffuse. 

e = E (T s ) / E b (T s ) = J o °° e x E A , b {X, 300K) dX I E b (300K) 

e = (l - PX,\ ) F(0-l! ) + (!" PA,2 ) |_1 " F (0^ ) ■ 

Using Table 12.1 for liT s = 4x 300 = 1200 Lim-K, F (0 -X) = 0.002 giving 
e = (1-0.2) x 0.002 +(1-0.8) x (1-0.002) = 0.20. 

(c) Performing an energy balance on the sample, the 
heat removal rate by the cooling water is 

qcool = A s [aG + q con v " e E b ( T s )] 

where G = E b (T f ) = E b (1000K) 

qconv =h(T f -T s ) A s =^D 2 /4 

qcool = {nl 4) (0.03m) 2 0.49 x 5.67 x 10" 8 W / m 2 • K 4 x (1000K) 4 

+10W/m 2 -K(l000-300)K-0.20x5.67xl0" 8 W/m 2 -K 4 x(300K) 4 = 24.5 W. « 

(d) Assume that reflection makes the dominant contribution to the radiosity of the sample. When 
viewing in the direction A, the spectral radiant power is proportional to px Gx- In direction B, the 
spectral radiant power is proportional to Ex b (Tf). Noting that Gx = Ex b (Tf), the ratio gives px- 
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PROBLEM 12.90 



KNOWN: Small, opaque surface initially at 1200 K with prescribed a x distribution placed in a large 
enclosure at 2400 K. 

FIND: (a) Total, hemispherical absorptivity of the sample surface, (b) Total, hemispherical emissivity, 
(c) a and s after long time has elapsed, (d) Variation of sample temperature with time. 



SCHEMATIC: 

Enclosure, 
T sur = 2400 



K, e = 0.2 - / 



^^^ ^ ^^ ^^^ 



Surface, 

T s = 1200 K (initial) 
D = 10 mm 



0.8 

0.1 

0 



a- 



ASSUMPTIONS: (1) Surface is diffusely radiated, (2) Enclosure is much larger than surface and at a 
uniform temperature. 

PROPERTIES: Table A.l, Tungsten (T « 1800 K): p = 19,300 kg/m 3 , c p = 163 J/kg-K, k * 102 
W/m-K. 

ANALYSIS: (a) The total, hemispherical absorptivity follows from Eq. 12.44, where = E^ ^ (T sur ) . 

That is, the irradiation corresponds to the spectral emissive power of a blackbody at the enclosure 
temperature and is independent of the enclosure emissivity. 

a = \q U A G X dA / !q G A dA = frJ^E^b ( A > T sm) dA / E b ( T sur) 

r2jLim , s , 4 roo . . / 4 

« = «1 J 0 E A,b T sur ) <W ^ T sur + «2 J 2 E 2,b T sur ) <W C T sur 

« = «iF(0->2//m) + «2 f 1 - F (0->2//m) ] = 0. 1 x 0.6076 + 0.8[1 - 0.6076] = 0.375 < 
where at XI = 2x 2400 = 4800 fan ■ K, F (0 ^ 2//m) = 0.6076 from Table 12.1. 

(b) The total, hemispherical emissivity follows from Eq. 12.36, 

e = 1 0 °° ^A,b E^ b (A, T s )(U . 

Since the surface is diffuse, = and the integral can be expressed as 

f = «lJ 0 E Ajb (A,T s )<U/aT s +« 2 J 2/m E2,b(^ T s) d ^/ °" T s 

£• = «lF(0^2//m) + «2 T 1 - F (0->2//m) ] = 0. 1 x 0. 1403 + 0.8[1 - 0. 1403] = 0.702 < 
where at AT = 2 x 1200 = 2400 urn • K, find F (0 _> 2 //m) = 0-1403 from Table 12.1. 

(c) After a long period of time, the surface will be at the temperature of the enclosure. This condition of 
thermal equilibrium is described by Kirchoff's law, for which 



s = a = 0.375. 



< 

Continued.. 
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PROBLEM 12.90 (Cont.) 

(d) Using the IHT Lumped Capacitance Model, the energy balance relation is of the form 

/* p V^ = A s [aG-s(T)E b (T)] 

where T = T s , V = n D 3 /(5 , A s = ;rD 2 and G = crT^ m . Integrating over time in increments of At = 

0.5s and using the Radiation Toolpad to determine s(t), 
the following results are obtained. 



2400 



2200 



2000 



is 1800 



I? 1600 



1400 



1200 





20 30 40 
Time, t(s) 



60 



Absorptivity, alpha 
Emissivity, eps 



The temperature of the specimen increases rapidly with time and achieves a value of 2399 K within t « 
47s. The emissivity decreases with increasing time, approaching the absorptivity as T approaches T sur . 

COMMENTS: (1) Recognize that a always depends upon the spectral irradiation distribution, which, in 
this case, corresponds to emission from a blackbody at the temperature of the enclosure. 

(2) With h r =fo-(T + T sur )(T 2 + T s 2 ur )»0.375o-4T s 3 ur = 1176w/m 2 K, Bi = h r (r 0 /3)/k 

= (1176 w/ m 2 K) 1.667 x 10" 3 m/102 W/m • K = 0.0192 « 1 , use of the lumped capacitance model is 
justified. 
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PROBLEM 12.91 

KNOWN: Diameter and initial temperature of copper rod. Wall and gas temperature. 

FIND: (a) Expression for initial rate of change of rod temperature, (b) Initial rate for prescribed 
conditions, (c) Transient response of rod temperature. 



SCHEMATIC: 

tC>S 



Nitrogen 
= 15C 

D = 0.01 m 



£o= 1500 K 



) t Thin 
film 



T W = 1500 K 




0.9 



0.4 - 



'conv 



X (|am) 



ASSUMPTIONS: (1) Applicability of lumped capacitance approximation, (2) Furnace approximates a 
blackbody cavity, (3) Thin film is diffuse and has negligible thermal resistance, (4) Properties of nitrogen 
approximate those of air (Part c). 

PROPERTIES: Table A.l, copper (T = 300 K): c p = 385 J/kg-K, p = 8933 kg/m 3 , k = 401 W/m-K. 
Table A.4, nitrogen (p = 1 atm, T f = 900 K): v = 100.3 x 10" 6 m 2 /s, a = 139 x 10" 6 m 2 /s, k = 0.0597 
W/m-K, Pr = 0.721. 

ANALYSIS: (a) Applying conservation of energy at an instant of time to a control surface about the 
cylinder, Ej n - E out = E st , where energy inflow is due to natural convection and radiation from the 

furnace wall and energy outflow is due to emission. Hence, for a unit cylinder length, 

,2 



_ /otD" dT 
Iconv + 1rad,net — ~ c p ^ 



where 



qconv =h(^"D)(T 00 -T) 

qrad,net = ^D(«G - £ E b ) = xD [«E b (T w ) - s E b (T)] 
Hence, at t = 0 (T = TO, 

dT/dt)j = (4/pc p D) [h (T^ - Tj ) + «E b (T w ) - ^E b (Tj )] 



(b) With Ra D 
correlation yields 



gfi " T i ) D _ 9.8 m/ s 2 (1/900 K) (1200 K) (0.01 m)' 



av 



100.3x139x10 12 m 4 /s 2 



937 , the Churchill-Chu 



Nu D = 



0.60 + ■ 



0.387Ra 1 D /6 



l + (0.559/Pr)' 



9/16 



n 8/27 



= 2.58 



Nu D (0.0597 W/m-K) 2.58 / 2 

h = k — = ^ '- = 15.4 W/m • K 



D 0.01m 

With T = T ; = 300 K, ^T = 600 ixm-K yields F(o_>x) = 0> in which case s = ^If o->a) + £ 2 \j ~ ^o^i) ] = ° 4 . 
With T = T w = 1500 K, XT = 3000 K yields F (Q ^) = 0.273. Hence, with = s x , a = SiF^x) + e 2 [l - 
F ( o^)] = 0.9(0.273) + 0.4(1 - 0.273) = 0.537. It follows that 

Continued... 
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PROBLEM 12.91 (Cont.) 



dT 
dt 



; 8933^ 385- J 



kg-K 



0.01m 



W 

15.4— (1500-300)K 

m K 



+0.537x5.67x10" 



2 V A 
m • K 



(1500 K)^ -0.4x5.67 x 10" 



2 V A 
m • K 



(300 Kf 



dT/dt). -1.163x10 4 m 2 -K/j[l8,480 + 154,140-180]w/m 2 -20K/s 



Defining a pseudo radiation coefficient as h r = (aG - sE b )/(T w - TO = (153,960 W/m 2 )/1200 K = 128.3 
W/m 2 -K, Bi = (h + h r )(D/4)/k = 143.7 W/m 2 -K (0.0025 m)/401 W/m-K = 0.0009. Hence, the lumped 
capacitance approximation is appropriate. 

(c) Using the IHT Lumped Capacitance Model with the Correlations, Radiation and Properties (copper 
and air) Toolpads, the transient response of the rod was computed for 300 < T < 1200 K, where the upper 
limit was determined by the temperature range of the copper property table. 




Time, tfs) 



The rate of change of the rod temperature, dT/dt, decreases with increasing temperature, in accordance 
with a reduction in the convective and net radiative heating rates. Note, however, that even at T « 1200 
K, aG, which is fixed, is large relative to qconv an ^ 8 ^b and dT/dt is still significant. 
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PROBLEM 12.92 



KNOWN: Temperatures of furnace wall and top and bottom surfaces of a planar sample. 
Dimensions and emissivity of sample. 

FIND: (a) Sample thermal conductivity, (b) Validity of assuming uniform bottom surface 
temperature. 



SCHEMATIC: 



t/W=0.lO-m 



T S =1000K 



m c =0. 




c* g\ ff__ 



T c ^OOK 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in sample, (3) 
Constant k, (4) Diffuse-gray surface, (5) Irradiation equal to blackbody emission at 1400K. 

PROPERTIES: Table A-6, Water coolant (300K): c p , c = 4179 J/kg-K 

ANALYSIS: (a) From energy balance at top surface, 

«G-E = q cond =k s (T s -T c )/L 

4 4 
where E = s s <j T s , G = a T w , a = s s giving 

s s a - £ s a T s 4 = k s (T s - T c ) / L. 
Solving for the thermal conductivity and substituting numerical values, find 



T s -T c l 



k s = 



0.85 x 0.015m x 5.67 x 10 -8 W / m 2 • K 4 



(1000- 300) K 



(1400K) 4 -(1000K) 4 



k s =2.93 W/m-K. 

(b) Non-uniformity of bottom surface temperature depends 
on coolant temperature rise. From the energy balance 



q = m c c AT C =(«G-E)W : 



AT C =0.85x5.67 xl0~ 8 W/m 2 -K 4 



1400^ 




-1000^ 



K (0.10m) /0.1kg/sx4179 J/kg-K 



AT C =3.3K. 

The variation in T c (~ 3K) is small compared to (T s - T c ) « 700K. Hence it is not large enough to 
introduce significant error in the k determination. 
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PROBLEM 12.93 



KNOWN: Thicknesses and thermal conductivities of a ceramic/metal composite. Emissivity of ceramic 
surface. Temperatures of vacuum chamber wall and substrate lower surface. Receiving area of radiation 
detector, distance of detector from sample, and sample surface area viewed by detector. 

FIND: (a) Ceramic top surface temperature and heat flux, (b) Rate at which radiation emitted by the 
ceramic is intercepted by detector, (c) Effect of an interfacial (ceramic/substrate) contact resistance on 
sample top and bottom surface temperatures. 



SCHEMATIC: 



A d = 10- 5 m 2 



T W = 90K 



AA C = 10" 4 m 




Vrad 



= 1500 K 



/ 
/ 
/ 
/ 
/ 
/ 



f 9, 



cond 



t % 



v 



0.5 mm 



W>WM 



/ L s = 8 mm 

4 -L 



L s /k s 



L c /k c 



T 2 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction in sample, (2) Constant properties, (3) 
Chamber forms a blackbody enclosure at T w , (4) Ceramic surface is diffuse/gray, (5) Negligible interface 
contact resistance for part (a). 

PROPERTIES: Ceramic: k c = 6 W/m-K, s c = 0.8. Substrate: k s = 25 W/m-K. 
ANALYSIS: (a) From an energy balance at the exposed ceramic surface, q" CO nd = Irad ' or 



Tl-T 2 



(L s /k s )+(L c /k c ) 

1500 K-T 2 

0.008 m 0.0005 m 

+ 

25 W/m-K 6 W/m-K 



s^a\l2 -T w 



0.8x5.67x10 °W 



/m 2 -K Z 



T 2 - 90 I K 



3.72 xl0 6 -2479T 2 =4.54x10 8 T 2 -2.98 
4.54xlO" 8 T 2 +2479T 2 =3.72xl0 6 



Solving, we obtain 
T 2 = 1425 K 

ft 

qh = 



Tl-T 2 



(1500- 1425) K 5 / 2 

v ' =1.87xl0 3 W/m 7 



( L s/ k s) + ( L c/ k c) 4.033x10 4 m 2 -K/W 



< 
< 



(b) Since the ceramic surface is diffuse, the total intensity of radiation emitted in all directions is I e = 
8 c Eb(T s )/7i. Hence, the rate at which emitted radiation is intercepted by the detector is 



xlO 4 m 2 xl0 5 sr = 5.95xl0 5 W 



q C (em)-d =I e AA c( A d/ L s-d 

0.8 x 5.67 x 10" 8 w/ m 2 - K 4 (1425 K) 4 



1c(em)-d 



^■sr 



Continued... 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.93 (Cont.) 

(c) With the development of an interfacial thermal contact resistance and fixed values of and T w , (i) 

T 2 remains the same (its value is determined by the requirement that q^ = s c a ^2 ~ j > while (ii) Ti 

increases (its value is determined by the requirement that q^ = (Tj - T2)/Rtot > where R[ ot = [(L s /k s ) + 
R't c + (L c /k c )]; if qj, and T 2 are fixed, Ti must increase with increasing R[ ot ). 

COMMENTS: The detector will also see radiation which is reflected from the ceramic. The 
corresponding radiation rate is q C ( re fiection)-d = p c G c AA c /l^.j = 0.2 a(90 K) 4 x 10" 4 m 2 x (10" 5 sr) = 
7.44 x 10" 10 W. Hence, reflection is negligible. 
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PROBLEM 12.94 



KNOWN: Wafer heated by ion beam source within large process-gas chamber with walls at uniform 
temperature; radiometer views a 5 x 5 mm target on the wafer. Black panel mounted in place of wafer 
in a pre-production test of the equipment. 

FIND: (a) Radiant power (uW) received by the radiometer when the black panel temperature is Tb p = 

800 K and (b) Temperature of the wafer, T w , when the ion beam source is adjusted so that the radiant 
power received by the radiometer is the same as that of part (a) 

SCHEMATIC: 

Objective, 25 mm dia 



Black panel, T bp = 800 K 
Wafer, e = 0.7, T w = ? 




Target, 5x5 mm 



Radiometer 



Chamber, 
T ch = 400 K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Chamber represents large, isothermal 
surroundings, (3) Wafer is opaque, diffuse-gray, and (4) Target area « square of distance between 
target and radiometer objective. 

ANALYSIS: (a) The radiant power leaving the black-panel target and reaching the radiometer as 
illustrated in the schematic below is 

qbp-rad = [Eb,bp( T bp) / > r ] A t cos 0\ ■ A «rad-t (!) 

where 0 t = 0° and the solid angle the radiometer subtends with respect to the target follows from Eq. 
12.2, 



dA n (^ D o /4 ) ^(0.025 m) 2 / 4 1 
A »rad-t = -~2~ = 2 = ~ — = 1 



(0.500 m)' 



= 1.964 x 10 J sr 



with E b,bp = rfr bp' find 



Ibp-rad 



5.67 x 10" 8 W / m 2 • K 4 (800 K) 4 / n sr 



< (0.005 m) 2 x cos 30°x 1.964 x 10" 3 sr 




Target, 5x5 mm 
(a) Black panel, T bp = 800 K 




Pw-rad 



Gw " E b( T ch) 



(b) Wafer, e w = 0.7, T w = ? 



Continued 
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PROBLEM 12.94 (Cont.) 



(b) With the wafer mounted, the ion beam source is adjusted until the radiometer receives the same 
radiant power as with part (a) for the black panel. The power reaching the radiometer is expressed in 
terms of the wafer radiosity, 

q W -rad = [J W ln \ A t cos #t • A ^rad-t ( 2 ) 
Since q w _ ra d = Qbp-rad ( see Ec l- C 1 ))* recognize that 

J w = E b,bp( T bp) (3) 
where the radiosity is 

Jw =% E b,w( T w) + PwG w = % E b,w( T w) + (l-%) E b( T ch) (4) 

and G w is equal to the blackbody emissive power at T c h- Using Eqs. (3) and (4) and substituting 
numerical values, find 

^bp = S w^w + (1 - % )^ T c 4 h 

(800 K) 4 = 0.7 T 4 +0.3(400 K) 4 



T W =871K < 

COMMENTS: (1) Explain why T w is higher than 800 K, the temperature of the black panel, when 
the radiometer receives the same radiant power for both situations. 

(2) If the chamber walls were cold relative to the wafer, say near liquid nitrogen temperature, T c h = 80 
K, and the test repeated with the same indicated radiometer power, is the wafer temperature higher or 
lower than 871 K? 

(3) If the chamber walls were maintained at 800 K, and the test repeated with the same indicated 
radiometer power, what is the wafer temperature? 
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PROBLEM 12.95 



KNOWN: Spectral emissivity of fire brick wall used to construct brick oven. Magnitude and 
distribution of irradiation on wall. Temperature and heat transfer coefficient of gases adjacent to 
wall. Wall thickness and thermal conductivity. 

FIND: Wall interior surface temperature if heat loss through wall is negligible. Wall interior 
surface temperature if wall is insulated and exterior surface temperature of insulation is 300 K. 



SCHEMATIC: 



Furnace 
T = 500 K 
h = 25 W/m 2 K 



Brick, 

k b = 1.0 W/m-K 



G = 50,000 W/rri 



L b = 0.1 m 



L = 0.1 m 



Insulation, 

k: = 0.05 W/m-K 



T s o = 300 K 



ASSUMPTIONS: (1) Brick wall is opaque and diffuse, (2) Spectral distribution of irradiation 
reaching brick wall approximates that due to emission from a blackbody at 2000 K. 

PROPERTIES: Fire brick wall (given in Example 12.9): e x * 0.1, X < 1.5 pm, e x « 0.5, 1.5 urn 
< X < 10 um, ex « 0.8, X > 10 um; a = 0.395 (for irradiation with spectral distribution 
proportional to blackbody at 2000 K). 

ANALYSIS: Neglecting heat transfer through the wall, an energy balance on the wall can be 
written, 

^in ~~ E out = aG - E - q conv = 0 

«G-E(T s )-h(T s -T oo ) = 0 (1) 

From Example 12.9, we know that the absorptivity to irradiation having the spectral distribution 
of a blackbody at 2000 K is a = 0.395. Now we must find the emissive power of the wall from 
Eqs. 12.35 and 12.36, 

E(T S ) = s(T s )E b (T s ) = J o °°e^)E^ b (^T s )c& = I 1 + I 2 + I 3 

where 

i! = O.lj^ 5 Mm E^ b (X,T s )dX = 0.1F ( o^i.5^ m) E b (T s ) 

1 2 = 0-5{l.5 ^ E ^,b( X > T s) d ^ = °- 5F (1.5Lim^l0Lim) E b( T s) 

(•00 

13 = °' 8 'l0 Mm E ^,b(^ T s) d ^ = 0-8F ( io M m^oo)E b (T s ) 

Continued... 
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PROBLEM 12.95 (Cont.) 



Thus, 

E(T S ) = O.lF^x.s^) +0.5 (F^io^m) - F (0->1.5um)) + °- 8 ( 1 - F (0^10um)) E b( T s) ( 2 ) 

Eqs. (1) and (2) are two equations in the two unknowns, T s and E(T S ), where each of the F's also 
depends on T s (from Table 12.1). A numerical solution is required. An IHT code to solve this 
problem is shown in the Comments section. The solution is 

T s = 796 K < 
With conduction through the wall, the energy balance becomes 

F in ~~ ^out = aG - E - q conv — q con( j = 0 

aG - E(T S ) - h(T s - ) - (T s - \ 0 ) / R tot = 0 (3) 

where 

Rtot = L b /k b +L i /k i =0.1 m/1.0 W/m-K + 0.1 m/0.05 W/m- K = 2.1 m 2 K/W 
Eqs. (2) and (3) can once again be solved using IHT, to find 

T s = 793 K < 

COMMENTS: (1) If the conduction heat flux is included, the surface temperature drops by 
only 3 K. (2) The IHT code to solve the problem is shown below. Note that if Eq. (1) or (3) is 
used directly, the code does not converge to a solution for T s . Instead, the code is set up to 
calculate a variable "qnet" that is the net heat flux at the surface, and T s is varied until qnet is 
approximately zero. 

//Energy balance on inner surface 

/* To effect convergence, calculate qnet as a function of Ts, and "Explore" Ts to find value for which qnet = 
0. 7 

qnet = alpha'G - E - h*(Ts - Tinf) - qcond 
Ts = 500 

//Calculate qcond. Select from two options below, 
qcond = (Ts - Tso)/Rtot 
//qcond = 0 

//Calculate E(Ts). 
lambdal = 1.5 
Iambda2 = 1 0 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1, is 7 

FLT1 = F_lambda_T(lambda1 ,Ts) // Eq 1 2.28 

FLT2 = F_lambda_T(lambda2,Ts) // Eq 1 2.28 

// where units are lambda (micrometers, mum) and T (K) 

E = (0.1*FLT1 + 0.5*(FLT2 - FLT1) + 0.8*(1-FLT2))*Eb 

Eb = sigma*Ts A 4 

sigma = 5.67e-8 

//Inputs 
alpha = 0.395 
G = 50000 
h = 25 
Tinf = 500 
Tso = 300 

Rtot = 0.1/1 .0 + 0.1/0.05 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.96 



KNOWN: Laser-materials-processing apparatus. Spectrally selective sample heated to the operating 
temperature T s = 2000 K by laser irradiation ( 0.5 Lxm ), Gi aser , experiences convection with an inert gas 
and radiation exchange with the enclosure. 

FIND: (a) Total emissivity of the sample, s ; (b) Total absorptivity of the sample, a, for irradiation from 
the enclosure; (c) Laser irradiation required to maintain the sample at T s = 2000 K by performing an 
energy balance on the sample; (d) Sketch of the sample emissivity during the cool-down process when 
the laser and inert gas flow are deactivated; identify key features including the emissivity for the final 
condition (t — > oo ); and (e) Time-to-cool the sample from the operating condition at T s (0) = 2000 K to a 
safe-to-touch temperature of T s (t) = 40°C; use the lumped capacitance method and include the effects of 
convection with inert gas (T^ = 300 K , h = 50 W/ m 2 -K) as well as radiation exchange T enc = T^. 



SCHEMATIC: 




Tco = 500K 
h = 50 W/m 2 -K 

Inert 
gas 



111 



'laser 



Sample, T s , s x 

D = 25 mm, w = 1 mm 





0.8 



0.2 \- 8 2 
0 



E1 



X (|im) 



ASSUMPTIONS: (1) Enclosure is isothermal and large compared to the sample, (2) Sample is opaque 
and diffuse, but spectrally selective, so that = ax, (3) Sample is isothermal. 

PROPERTIES: Sample (Given) p = 3900 kg/m 3 , c p = 760 J/kg , k = 45 W/m-K. 

ANALYSIS: (a) The total emissivity of the sample, s, at T s = 2000 K follows from Eq. 12.36 which can 
be expressed in terms of the band emission factor, F (0 -x,t) Eq. 12.28, 

£ = fL^O-^Tg ) + £ 2 [l " *{o-\T s ) ] C 1 ) 
e = 0.8 x 0.7378 + 0.2[l - 0.7378] = 0.643 < 

where from Table 12.1, with A,iT s = 3um x 2000 K = 6000 um-K, F^t) = 0.7378. 

(b) The total absorptivity of the sample, a, for irradiation from the enclosure at T enc = 300 K, is 

« = s l F (0-i lTenc ) + «a [i - ^ 0-A lTenc ) ] (2) 
« = 0.8x0 + 0.2[l-0] = 0.200 < 
where, from Table 12.1, with A,iT enc = 3 urn x 300 K = 900 Lxm-K, F (0 .a.t) =0. 

Continued.. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 12.96 (Cont.) 



(c) The energy balance on the sample, on a per unit area 
basis, as shown in the schematic at the right is 

^in ~~ E out = 0 



aG 



'cv 



\ 



a las ^ laser 

i 

"t 



+«las G laser + 2aG ~ 2sE b ( T s ) ~ Qcv = 0 

«las G laser + 2a(TT enc ~ ~ 2h (T s - ) = 0 

Recognizing that ai as (0.5 urn) = 0.8, and substituting numerical values find, 



u. !i 

o" / 1 W S = 2000 K 

cv aG E 



0.8xG laser +2x0.200x5.67x10 °W/m -K (300K) 



-2x0.643x5.67x10 8 W/m -K (2000K) -2x50W/m •K(2000-500)K = 0 

2 



0.8xG laser = 



-184.6 + 1. 167xl0 6 +1.500xl0 5 



W/m 



0.643 



0.200 




300 



T s (K) 



2000 



(3) 



G laser =1646 kW/m z 

(d) During the cool-down process, the total 
emissivity 8 will decrease as the temperature 
decreases, T s (t). In the limit, t — > ao, the sample 
will reach that of the enclosure, T s (go) = T enc for 
which s = a = 0.200. 

(e) Using the IHT Lumped Capacitance Model 
considering radiation exchange (T enc = 300 K) 
and convection ( = 300 K, h = 50 W/m 2 K) 
and evaluating the emissivity using Eq. (1) with 
the Radiation Tool, Band Emission Factors, the 
temperature-time history was determined and the 
time-to-cool to T(t) = 40°C was found as 

t = 119 s < 

COMMENTS: (1) From the IHT model used for part (e), the emissivity as a function of cooling time and sample 
temperature were computed and are plotted below. Compare these results to your sketch of part (c). 





Cooling time, t(s) 



800 1400 2000 

Sample temperature, T(K) 



Continued.. 
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PROBLEM 12.96 (Cont.) 



(2) The IHT workspace model to perform the lumped capacitance analysis with variable emissivity is 
shown below. 

// Lumped Capacitance Model - convection and emission/irradiation radiation processes: 

/* Conservation of energy requirement on the control volume, CV. 7 

Edotin - Edotout = Edotst 

Edotin = As * ( + Gabs) 

Edotout = As * ( + q"cv + E ) 

Edotst = rho * vol * cp * Der(T.t) 

T_C = T - 273 

// Absorbed irradiation from large surroundings on CS 
Gabs = alpha * G 
G = sigma * TsurM 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

// Emissive power of CS 
E = eps * Eb 
Eb = sigma * T A 4 

//sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

//Convection heat flux for control surface CS 
q"cv = h * ( T - Tinf ) 

/* The independent variables for this system and their assigned numerical values are 7 

As = 2*1 // surface area, m A 2; unit area, top and bottom surfaces 

vol = 1 * w // vol, m A 3 

w = 0.001 // sample thickness, m 

rho = 3900 // density, kg/m A 3 

cp = 760 // specific heat, J/kg-K 

// Convection heat flux, CS 

h = 50 // convection coefficient, W/m A 2-K 

Tinf = 300 // fluid temperature, K 

// Emission, CS 

//eps = 0.5 // emissivity; value used to test the model initially 

// Irradiation from large surroundings, CS 

alpha = 0.200 // absorptivity; from Part (b); remains constant during cool-down 
Tsur = 300 // surroundings temperature, K 

// Radiation Tool - Band emission factor: 

eps = eps1 * FL1T + eps2 * ( 1 - FL1T ) 

/* The blackbody band emission factor, Figure 12.12 and Table 12.1, is 7 

FL1T = F_lambda_T(lambda1 ,T) // Eq 1 2.28 

// where units are lambda (micrometers, mum) and T (K) 

lambdal =3 //wavelength, mum 

eps1 = 0.8 // spectral emissivity; for lambda < lambdal 

eps2 = 0.2 // spectral emissivity; for lambda > lambdal 
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PROBLEM 12.97 

KNOWN: Cross flow of air over a cylinder placed within a large furnace. 

FIND: (a) Steady-state temperature of the cylinder when it is diffuse and gray with s = 0.5, (b) Steady- 
state temperature when surface has spectral properties shown below, (c) Steady-state temperature of the 
diffuse, gray cylinder if air flow is parallel to the cylindrical axis, (d) Effect of air velocity on cylinder 
temperature for conditions of part (a). 



SCHEMATIC: 



Air 
V = 3m/s 



7^= 400 K 



conv 




Cylinder, 
D = 30 mm, 
L = 150 mm 



T sur = 1000 K 



A 



0.5 r 



0.1 



rad 



0 3 X (urn) 

Part (b) surface 

ASSUMPTIONS: (1) Cylinder is isothermal, (2) Furnace walls are isothermal and very large in area 
compared to the cylinder, (3) Steady-state conditions. 

PROPERTIES: Table A.4, Air (T f * 600 K): v = 52.69 x 10" 6 m 2 /s , k = 46.9 x 10" 3 W/m-K, Pr = 
0.685. 

ANALYSIS: (a) When the cylinder surface is gray and diffuse with s = 0.5, the energy balance is of the 
form, q ra d-q C onv =0 - Hence, 

f<7 ( T s 4 ur " T s 4 ) " h(T s - ^ ) = 0 . 
The heat transfer coefficient, h , can be estimated from the Churchill-Bernstein correlation, 

n4/5 



Nu D =(hD/k) = 0.3 + 



0.62 Rep 2 Pr 1/3 



l + (0.4/Pr) 



2/3 



1/4 



1 + 



' Rep ^ 
282,000 



where Re D = V D/v = 3 m/ s x 30 x 10" 3 m/ 52.69 x 10" 6 m 2 /s = 17 10. Hence, 
Nu D = 20.8 

h = 20.8 x 46.9 x 10" 3 W/m • k/30 x 10" 3 m = 32.5 w/ m 2 K . 
Using this value of h in the energy balance expression, we obtain 

0.5 x 5.67 x 10" 8 (1000 4 - T s 4 ) w/m 2 - 32.5 w/ m 2 K(T S - 400) K = 0 



which yields T s « 839 K. 

(b) When the cylinder has the spectrally selective behavior, the energy balance is written as 
«G-fE b (T s )-qc 0nv =0 

where G = E b (T sur ). With a = \^a^G^ dA/G , 

a = 0.1 x F (0 ^ 3//m) + 0.5 x (l - F (0 ^ 3//m) ) = 0.1 x 0.273 + 0.5(1 - 0.273) = 0.391 

where, using Table 12.1 with AT = 3 xlOOO = 3000 Lxm-K, F (0 ^ 3) = 0.273. Assuming T s is such that 
emission in the spectral region A < 3 Lxm is negligible, the energy balance becomes 



Continued. 
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PROBLEM 12.97 (Cont.) 

0.391 x 5.67 x 10" 8 x 1000 4 w/m 2 - 0.5 x 5.67 x 10" 8 x T s 4 w/ m 2 - 32.5 w/ m 2 • K(T S - 400) K = 0 
which yields T s * 770 K. < 

Note that, for ?iT = 3 x 770 = 2310 Lxm-K, F^q^.^) ~ 0.11; hence the assumption of s = 0.5 is acceptable. 
Note that the value of h based upon T f = 600 K is also acceptable. 

(c) When the cylinder is diffuse-gray with air flow in the longitudinal direction, the characteristic length 
for convection is different. Assume conditions can be modeled as flow over a flat plate of L = 150 mm. 
With 

Re L = V l/v = 3 m/s x 150 x 10" 3 m/ 52.69 x 10" 6 m 2 /s = 8540 
Nu L =(hL/k) = 0.664ReL 2 Pr 1/3 = 0.664(8540) 1/2 0.685 1/3 =54.1 



h = 54. 1 x 0.0469 W/m • K / 0. 150 m = 16.9 W/ m • K . 
The energy balance now becomes 

0.5 x 5.667 x 10" 8 w/ m 2 K 4 (1000 4 - T S 4 )K 4 - 16.9 w/ m 2 K(T S - 400)K = 0 

which yields T s * 850 K. < 

(b) Using the IHT First Law Model with the Correlations and Properties Toolpads, the effect of velocity 
may be determined and the results are as follows: 



900 



850 



800 




8 12 
Air velocity, V(m/s) 



20 



Since the convection coefficient increases with increasing V (from 18.5 to 90.6 W/m 2 -K for 1 < V < 20 
m/s), the cylinder temperature decreases, since a smaller value of (T s - ) is needed to dissipate the 
absorbed irradiation by convection. 

COMMENTS: The cylinder temperature exceeds the air temperature due to absorption of the incident 
radiation. The cylinder temperature would approach T^ as h — » oo and/or a — > 0. If a — > 0 and h has 
a small to moderate value, would T s be larger than, equal to, or less than T^ ? Why? 
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PROBLEM 12.98 

KNOWN: Instrumentation pod, initially at 87°C, on a conveyor system passes through a large 
vacuum brazing furnace. Inner surface of pod surrounded by a mass of phase-change material (PCM). 

Outer surface with special diffuse, opaque coating of e^. Electronics in pod dissipate 50 W. 

FIND: How long before all the PCM changes to the liquid state? 

SCHEMATIC: 



„ „ « — Vacuum -Furnace vvaZ/s. 

Pod, T s ^87Vr-^^T^1200K,£^07 

A s =0.040m2 M=1.6kg- ^ 

power dissipation, [~| f^ulatior? 

P e = SOW; coating, —Z&ZZZZZZ ~ 

£a 1 



0.9 



Conveyor 



0.05 
0 



system 



ASSUMPTIONS: (1) Surface area of furnace walls much larger than that of pod, (2) No convection, 
(3) No heat transfer to pod from conveyor, (4) Pod coating is diffuse, opaque, (5) Initially pod internal 

temperature is uniform at T pcm = 87°C and remains so during time interval At m , (6) Surface area 
provided is that exposed to walls. 

PROPERTIES: Phase-change material, PCM (given): Fusion temperature, T f = 87°C, h fg = 25 
kJ/kg. 

ANALYSIS: Perform an energy balance on the pod for an interval of time At m which corresponds to 
the time for which the PCM changes from solid to liquid state, 

Ein ~~ E out + Eg en = AE 

[(aG - sE h ) A s + P e ] At m = Mh fg 

where P e is the electrical power dissipation 

rate, M is the mass of PCM, and hf g is the 
heat of fusion of PCM. 




Irradiation: 
Emissive power: 
Emissivity: 



G = aT w = 5.67 x 10" 8 W/m 2 K 4 (1200 K) 4 = 117,573 W/m 2 
E b = oT 4 = a (87 + 273) 4 = 952 W / m 2 



s = eiF(O-XT) + S2(l-F(o-vr)) 
s = 0.05 x 0.0393 + 0.9 (1 - 0.0393) 
s = 0.867 

Absorptivity: a = oq F (0 .a,t) + a 2 (l -F(0-VT)) 

a = 0.05 x 0.7378 + 0.9 (1 - 0.7378) 
a = 0.273 

Substituting numerical values into the energy balance, find, 
(0.273 x 1 17, 573 - 0.867 x 952) W / m 2 x 0.040 m 2 + 50 W 



At m =32.5 s = 0.54 min. 



XT = 5 x 360= 1800 Lim-K 
Fo-rr = 0.0393 (Table 12.1) 

XT = 5 x 1200 = 6000 Lim-K 
F 0 .rr = 0.7378 (Table 12.1) 



At m =1.6kgx25xl0- ) J/kg 
< 
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PROBLEM 12.99 



KNOWN: Niobium sphere, levitated in surroundings at 300 K and initially at 300 K, is suddenly 

2 

irradiated with a laser (10 W/m ) and heated to its melting temperature. 

FIND: (a) Time required to reach the melting temperature, (b) Power required from the RF heater 
causing uniform volumetric generation to maintain the sphere at the melting temperature, and (c) 
Whether the spacewise isothermal sphere assumption is realistic for these conditions. 



SCHEMATIC: 




1111 ifcv 



rradfatiorr. 



T Siir ^300K 




Niobium sphere, 
T a (0)=T, 

E sf (R,rt a), 
£ gen (Part b) m 



ASSUMPTIONS: (1) Niobium sphere is spacewise isothermal and diffuse-gray, (2) Initially sphere 
is at uniform temperature Tj, (3) Constant properties, (4) Sphere is small compared to the uniform 
temperature surroundings. 



PROPERTIES: Table A-l, Niobium (T = (300 + 2741)K/2 = 1520 K): T mp = 2741 K, p = 8570 
kg/m 3 , c p = 324 J/kg-K, k = 72.1 W/m-K. 

ANALYSIS: (a) Following the methodology of Section 5.3 for general lumped capacitance analysis, 
the time required to reach the melting point T mp may be determined from an energy balance on the 
sphere, 



Ein E out - E st 



q G • A c - s*A s (T 4 - T s 4 ur ) = Mc p (dT /dt) 



2 2 3 

where A c = nD I A, A s = tcD , and M = pV = p(n:D 16). Hence, 

q 0 [nV 2 1 4 J - s * [xD 2 j (t 4 - T 4 ur j = p [xD 3 / 6 j c p (dT / dt ) . 



Regrouping, setting the limits of integration, and integrating, find 



^o_ + T 4 
As* SUr 



T 4 = pDc dT 
6s* dt 



bf t dt=f Tm P 
JO JTi 



dT 



where a 4 = ^° + T^, r = 



10 W/mm 2 (l0 3 mm/m 



As* 



K- T4 ) 



(l0 3 mm/m) 

; +(300 K) 4 



4x0.6x5.67x10 8 W/m 2 -K 



6s* 6x0.6x5.67xl0" 8 W/m 2 -K 4 ^ ACn/i in _ 
b = = = 2.4504x 10 

P Dc p 8570 kg / m 3 x 0.003 mx 324 J/kg-K 
which from Eq. 5.18, has the solution 



a = 2928 K 



t = 



4ba ; 



In 



a + T 



mp 



a-T, 



mp 



In 



a + Ti 



a-Tj 



+ 2 



tan 



L mp 



v a J 



tan 



V a ; 



Continued 
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PROBLEM 12.99 (Cont.) 



t = 



4(2.4504xl0" n K _1 -s _1 )(2928 K) 2 



In 



2928 + 2741 



2928-2741 



In 



2928 + 300 



2928-300 



+2 



tan 



-1 



2741 
2928 



tan 



-1 



300 
2928 



t = 0.40604(3.41 17 -0.2056 + 2[0.7524-0.102l]) = 1.83s. 



(b) The power required of the RF heater to induce a uniform volumetric generation to sustain steady - 
state operation at the melting point follows from an energy balance on the sphere, 



Ein E OU { + Eg en - 0 



£crA s I T m p T sur J - E 



gen 



-gen 



qV = 0.6x5.67x10 8 W/m 2 • K 4 ^0.003 2 jm 2 ^2741 4 -300 4 |k 4 = 54.3 W. 



(c) The lumped capacitance method is appropriate when 
k k 

where h r is the linearized radiation coefficient, which has the largest value when T = T mp = 2741 K, 
h r =^(T + T sur )(T 2 +T 2 ur ) 

h r = 0.6 x 5.67 xlO" 8 W/m 2 -K 4 (2741 + 300)(2741 2 +300 2 |k 3 =787 W/m 2 -K. 
Hence, since 

Bi = 787 W/m 2 -K (0.003 m/3)/72.1 W/m-K = 1.09xl0 -2 



we conclude that the transient analysis using the lumped capacitance method is satisfactory. ' 

COMMENTS: (1) Note that at steady-state conditions with internal generation, the difference in 
temperature between the center and surface, is 

q(D/2) 2 



T =T = 
1 o A s 



6k 



and with V = tcD /6, from the part (b) results, 

q = E gen /V = 54.3 W/^x0.003 3 /6jm J = 3.841x10^ W/m J 

Find using an approximate value for the thermal conductivity in the liquid state, 

3.841xl0 9 W/m 3 (0.03m/2) 2 

AT = T n - T s = i J — = 1SK. 

° s 6x80W/m-K 

We conclude that the sphere is very nearly isothermal even under these conditions. 

(2) The relation for AT in the previous comment follows from solving the heat diffusion equation 
written for the one-dimensional (spherical) radial coordinate system. See the deviation in Section 
3.5.2 for the cylindrical case (Eq. 3.53). 
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PROBLEM 12.100 



KNOWN: Spherical niobium droplet levitated in a vacuum chamber with cool walls. Niobium surface is 
diffuse with prescribed spectral emissivity distribution. Melting temperature, T mp = 2741 K. 

FIND: Requirements for maintaining the drop at its melting temperature by two methods of heating: (a) 
Uniform internal generation rate, q (W/m 3 ), using a radio frequency (RF) field, and (b) Irradiation, Gi aser , 

(W/mm 2 ), using a laser beam operating at 0.632 urn; and (c) Time for the drop to cool to 400 K if the 
heating method were terminated. 

SCHEMATIC: 



••v.- 



Chamber, T = 300 K 
8 W = 0.85 



Levitated niobium 
drop, T s , e x , D - 3 mm 



0.4 
0.2 

0 



M 


£ 1 












e 2 

► 



1 A. (urn) 

ASSUMPTIONS: (1) Steady-state conditions during the heating processes, (2) Chamber is isothermal 
and large relative to the drop, (3) Niobium surface is diffuse but spectrally selective, (4) q is uniform, (5) 
Laser beam diameter is larger than the droplet, (6) Drop is spacewise isothermal during the cool down. 

PROPERTIES: Table A.l, Niobium (T = (2741 + 400)K/2 * 1600 K): p = 8570 kg/m 3 , c p = 336 
J/kg-K, k = 75.6 W/m-K. 



ANALYSIS: (a) For the RF field-method of heating, 
perform an energy balance on the drop considering 
volumetric generation, irradiation and emission, 



*•>.* 



^in E out + E„ - 0 



w 



'S T m p, Ot, 8 



[«G-fE b (T s )]A s +qV = 0 

where A s = kD 2 and V = 7rD 3 /6. The irradiation and 
blackbody emissive power are, 



(1) 




G = oT,, 



crT c 



(2,3) 



The absorptivity and emissivity are evaluated using Eqs. 12.44 and 12.36, respectively, with the band 
emission fractions, Eq. 12.28, and 

a = a ( ajL , T w ) = qF(0 - ^T w ) + e 2 [l - F(0 - AjT w )] (4) 
a = 0.4 x 0.000 + 0.2 (1 - 0.000) = 0.2 
where, from Table 12.1, with %T W = 1 //mx300K = 300 //m - K , F(0 - XT) = 0.000. 

£ = £ { SA ,T s ) = Sl F(0-\T s ) + S2 [l-F(0-\T s )] (5) 
s = 0.4x0.2147 + 0.2(1-0.2147) = 0.243 

with %T S = 1 //mx2741K = 2741 jum- K , F(0 - AT) = 0.2147. Substituting numerical values with T s = 
T mp = 2741 K and T w = 300 K, find 

Continued... 
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PROBLEM 12.100 (Cont.) 



0.2x5.67x10 s W/m 2 K 4 (300 K)^ -0.243 x 5.67x10 5 W/m z - K 4 (2741K) 



2 T ^4 



;r(0.003m) 2 + q;z-(0.003m) 3 /6 = 0 
q = [-91.85 + 777, 724] w/ m 2 (6/0.003 m) = 1.556 x 10 9 w/ m 3 

(b) For the laser-beam heating method, performing an 
energy balance on the drop considering absorbed laser 
irradiation, irradiation from the enclosure walls and 
emission, 



w 



^in E out - 0 



■'laser 



[aG - sE h (T s )] A s + ai as G laser A p = 0 (6) 

where A p represents the projected area of the droplet, 
A„ = ^D 2 A 




(7) 

Laser irradiation at 10.6 jjm. Recognize that for the laser irradiation, Gi aser (10.6 urn), the spectral 
absorptivity is 

cq as (10.6 //m) = 0.2 

Substituting numerical values onto the energy balance, Eq. (6), find 

0.2x(tx(300 K) 4 - 0.243 x ax (2741 K) 4 ^(0.003 m) 2 
+0.2 xG laser x;r (0.003 m) 2 /4 = 0 

G laser (l0.6//m) = 1.56xl0 7 W/m 2 =15.6 W/mm 2 < 

Laser irradiation at 0.632 jjm. For laser irradiation at 0.632 urn, the spectral absorptivity is 

^laser (0.632 /urn) = 0.4 
Substituting numerical values into the energy balance, find 

G laser (0.632 //m) = 7.76 xl0 6 W/m 2 =7.8 W/mm 2 < 

(c) With the method of heating terminated, the drop experiences only radiation exchange and begins 
cooling. Using the IHT Lumped Capacitance Model with irradiation and emission processes and the 
Radiation Tool, Band Emission Factor for estimating the emissivity as a function of drop temperature, 
Eq. (5), the time-to-cool to 400 K from an initial temperature, T s (0) = T mp = 2741 K was found as 

T s (t) = 400K t = 772 s = 12.9 min < 

COMMENTS: (1) Why doesn't the emissivity of the chamber wall, s w , affect the irradiation onto the 
drop? 

(2) The validity of the lumped capacitance method can be determined by evaluating the Biot number, 



Continued 
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PROBLEM 12.100 (Cont.) 



. hD/6 1 85 W/m 2 -Kx 0.003 m/6 

Bi = — '— = '- '— = 0.007 

k 75.6 W/mK 

where we estimated an average radiation coefficient as 

h rad «4«rT 3 =4x0.2x5.67 xlO" 8 w/m 2 - K 4 (1600 K) J = 185 w/m z - K 

Since Bi « 0.1, the lumped capacitance method was appropriate. 

(3) In the IHT model of part (c), the emissivity was calculated as a function of T s (t) varying from 0.243 
atT s = T mp to 0.200 at T s = 300 K. If we had done an analysis assuming the drop were diffuse, gray with 
a= 8 = 0.2, the time-to-cool would be t = 773 s. How do you explain that this simpler approach predicts a 
time-to-cool that is in good agreement with the result of part (c)? 

(4) A copy of the IHT workspace with the model of part (c) is shown below. 

// Lumped Capacitance Model: Irradiation and Emission 

/* Conservation of energy requirement on the control volume, CV. 7 

Edotin - Edotout = Edotst 

Edotin = As * ( + Gabs) 

Edotout = As * ( + E ) 

Edotst = rho * vol * cp * Der(T,t) 

//Absorbed irradiation from large surroundings on CS 

Gabs = alpha * G 

G = sigma * Tsur A 4 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 
// Emissive power of CS 
E = eps * Eb 
Eb = sigma * T A 4 

//sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

/* The independent variables for this system and their assigned numerical values are 7 

As = pi * D A 2 // surface area, m A 2 

vol = pi * D A 3 / 6 // vol, m A 3 

D = 0.003 // sphere diameter, m 

rho = 8570 // density, kg/m A 3 

cp = 336 // specific heat, J/kg-K 

// Emission, CS 

//eps = 0.4 // emissivity 

// Irradiation from large surroundings, CS 

alpha = 0.2 // absorptivity 

Tsur = 300 // surroundings temperature, K 

// Radiation Tool - Band Emission Fractions 

eps = eps1 * FL1T + eps2 * ( 1 - FL1T ) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1 , is 7 

FL1 T = F_lambda_T(lambda1 ,T) // Eq 1 2.30 

// where units are lambda (micrometers, mum) and T (K) 

lambdal = 1 // wavelength, mum 

eps1 = 0.4 // spectral emissivity, lambda < lambdal 

eps2 = 0.2 // spectral emissivity, lambda > lambdal 
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PROBLEM 12.101 

KNOWN: Temperatures of furnace and surroundings separated by ceramic plate. Maximum allowable 
temperature and spectral absorptivity of plate. 

FIND: (a) Minimum value of air-side convection coefficient, h D , (b) Effect of h D on plate temperature. 
SCHEMATIC: 

a.... /^^T>-^\ t 

S 

Air~ 



a sur^sur 



E 

<7" 




L = 300 K, h 0 



T SU r= 300 K 



T w = 2400 K 



.VV* 



0.8 h 

0.3 



ASSUMPTIONS: (1) Diffuse surface, (2) Negligible temperature gradients in plate, (3) Negligible 
inside convection, (4) Furnace and surroundings act as blackbodies. 

ANALYSIS: (a) From a surface energy balance on the plate, « W G W + « sur G sur = 2E + q" conv . Hence, 

4 4 4 

« w °" T w + «sur°" T sur = 2 ^°" T s + h o ( T s " T oo ) • 

4 4 4 

« w crT w + « sur c7T sur - 2«tT s 



(Ts-Too) 

Evaluating the absorptivities and emissivity, 

«w = Iq ax^x d/l/G = a A E Ah (T w )/E b (T w )dA = 0.3F (0 _ 3//m) + 0.8 [l - F (0 _ 3//m) ] 

With AT W = 3 fjm x 2400 K = 7200 //m-K, Table 12.1 ->F (0 _ 3//m) =0.819. Hence, 

« w =0.3x0.819 + 0.8(1-0.819) = 0.391 
Since T sur = 300 K, irradiation from the surroundings is at wavelengths well above 3 Lxm. Hence, 

r oo , 

«sur = J 0 a A E Ab ( T sur)/ E b ( T sur)dl * 0.800 . 

The emissivity is e = \™ s^Xb ( T s)/ E b ( T s) d ^ = °- 3F (0-3//m) +°- 8 [ 1 - F (0-3//m)] • with 

1T S = 5400 jum ■ K , Table 12.1 -» F (0 _ 3//m) = 0.680 . Hence, s = 0.3 x 0.68 + 0.8(1 - 0.68) = 0.460. 

For the maximum allowable value of T s = 1 800 K, it follows that 



0.391x5.67x10 8 (2400) 4 +0.8x5.67x10 8 (300) 4 -2x0.46x5.67x10 8 (1800) 4 

(1800-300) 

^5 



7.335xl0 5 + 3.674x10 - 5.476x10" / ■> 

h„ = = 126 W/ m • K . 

1500 



(b) Using the IHT First Law Model with the Radiation Toolpad, parametric calculations were performed 
to determine the effect of h 0 . 



Continued... 
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PROBLEM 12.101 (Cont.) 

1900 — pt 1 1 1 1 1— 



1800 



1700 



1600 -| 1 1 1 1 1 1 1 

50 100 150 200 250 

Convection coefficient, ho(W/m A 2.K) 

With increasing h u , and hence enhanced convection heat transfer at the outer surface, the plate 
temperature is reduced. 

COMMENTS: (1) The surface is not gray. (2) The required value of h 0 > 126 w/ m 2 - K is well within 
the range of air cooling. 
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PROBLEM 12.102 



KNOWN: Spectral radiative properties of thin coating applied to long circular copper rods of prescribed 
diameter and initial temperature. Wall and atmosphere conditions of furnace in which rods are inserted. 

FIND: (a) Emissivity and absorptivity of the coated rods when their temperature is T s = 300 K, (b) Initial 
rate of change of their temperature, dT s /dt, (c) Emissivity and absorptivity when they reach steady-state 
temperature, and (d) Time required for the rods, initially at T s = 300 K, to reach 1000 K. 



SCHEMATIC: 



Furnace wall, 



Coating 




0.8 
0.4 



onv 0 4 XQxm) 

ASSUMPTIONS: (1) Rod temperature is uniform, (2) Nitrogen is quiescent, (3) Constant properties, (4) 
Diffuse, opaque surface coating, (5) Furnace walls form a blackbody cavity about the cylinders, G = 
E b (T f ), (6) Negligible end effects. 

PROPERTIES: Table A.l, Copper (300 K): p = 8933 kg/m 3 , c p = 385 J/kg-K, k = 401 W/m-K; Table 
A.4, Nitrogen (T f = 800 K, 1 atm): v = 82.9 x 10" 6 m 2 /s, k = 0.0548 W/m-K, a = 1 16 x 10" 6 m 2 /s, Pr = 
0.715, p = (T f ) _1 = 1.25 x lO^K" 1 . 

ANALYSIS: (a) The total emissivity of the copper rod, s, at T s = 300 K follows from Eq. 12.36 which 
can be expressed in terms of the band emission factor, F(0 - AT), Eq. 12.28, 

s = qF(0 - \T S ) + e 2 [l-F(0 - A,T S )] (1) 
s = 0.4 x 0.0021 + 0.8 [1 - 0.0021] = 0.799 < 

where, from Table 12. 1, with AiT s = 4 urn x 300 K = 1200 um-K, F(0 - AT) = 0.0021. The total 
absorptivity, a, for irradiation for the furnace walls at T f = 1300 K, is 

a = ^F(0 - \T f ) + s 2 [l-F(0- \Tf )] (2) 

a = 0.4 x 0.6590 + 0.8 [l - 0.6590] = 0.536 < 
where, from Table 12. 1, with A,,T f — 4 |im x 1300 K = 5200 K, F(0 - AT) = 0.6590. 
(b) From an energy balance on a control volume about the rod, 

E st = pc p (,rD 2 /4) L (dT/dt) = E in - E out = ttDL [aG + h (T^ - T s ) - e] 

dT s /dt = 4 «G + h(T 00 -T s )-otT s 4 



VcpD . 



(3) 



With 



Ra D = 



g/?(T -T )D 3 9.8m 2 /s|l.25xl0 3 K 1 Jl000K(0.01my 



vet 



82.9x10 6 m 2 /sxll6xl0 6 m 2 /s 



= 1274 



The Churchill-Chu correlation gives 



(4) 



Continued... 
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PROBLEM 12.102 (Cont.) 



h = 



0.0548 
0.01m 



0.60 + 



0.387(1274) 



1/6 



x9/16 



8/27 



Y = 15.1W/ m • K 



(5) 



1 + (0.559/0.715) 

With values of s and a from part (a), the rate of temperature change with time is 

4 0.53 x 5.67 x 10" 8 w/ m 2 K 4 x (1300 K) 4 + 15.1 w/ m 2 K x 1000 K - 0.8 x 5.67 x 10" 8 w/ m 2 K x (300 K) 4 
dT s /dt = 



8933kg/ m 3 x 385 j/kg-Kx 0.01m 
dT s /dt = 1. 16 x 10" 4 [85, 829 + 15, 100 - 3767] K/s = 1 1.7 K/s . < 

(c) Under steady-state conditions, T s = = T f = 1300 K. For this situation, s = a, hence 

s = a = 0.536 ^ 

(d) The time required for the rods, initially at T s (0) = 300 K, to reach 1000 K can be determined using the 
lumped capacitance method. Using the IHT Lumped Capacitance Model, considering convection, 
irradiation and emission processes; the Correlations Tool, Free Convection, Horizontal Cylinder, 
Radiation Tool, Band Emission Fractions; and a user-generated Lookup Table Function for the nitrogen 
thermophysical properties, find 

T s (t o ) = 1000K to = 81.8s < 

COMMENTS: (1) To determine the validity of the lumped capacitance method to this heating process, 
evaluate the approximate Biot number, Bi = hD/k = 15 W/m 2 -K x 0.010 m/401 W/m-K = 0.0004. Since 
Bi « 0.1, the method is appropriate. 



(2) The IHT workspace with the model used for part (c) is shown below. 

// Lumped Capacitance Model - irradiation, emission, convection 

/* Conservation of energy requirement on the control volume, CV. */ 

Edotin - Edotout = Edotst 

Edotin = As * ( + Gabs) 

Edotout = As * ( + q"cv + E ) 

Edotst = rho * vol * cp * Der(Ts,t) 

//Convection heat flux for control surface CS 

q"cv = h * ( Ts - Tinf ) 

// Emissive power of CS 

E = eps * Eb 

Eb = sigma * Ts A 4 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

// Absorbed irradiation from large surroundings on CS 
Gabs = alpha * G 
G = sigma * Tf A 4 

/* The independent variables for this system and their assigned numerical values are 7 

As = pi * D * 1 // surface area, m A 2 

vol = pi * D A 2 / 4 * 1 // vol, m A 3 

rho = 8933 // density, kg/m A 3 

cp = 433 // specific heat, J/kg-K; evaluated at 800 K 

// Convection heat flux, CS 

//h = // convection coefficient, W/m A 2-K 

Tinf = 1 300 // fluid temperature, K 
// Emission, CS 

//eps = // emissivity 

// Irradiation from large surroundings, CS 

//alpha = // absorptivity 

Tf= 1300 // surroundings temperature, K 

Continued... 
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PROBLEM 12.102 (Cont.) 



// Radiative Properties Tool - Band Emission Fraction 

eps = eps1 * FLITs + eps2 * (1 - FLITs) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1 , is 7 
FL1 Ts = F_lambda_T(lambda1 ,Ts) // Eq 1 2.30 

// where units are lambda (micrometers, mum) and T (K) 
alpha = eps1 * FL1Tf + eps2 * (1- FL1Tf) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1 , is 7 
FL1 Tf = F_lambda_T(lambda1 ,Tf) // Eq 1 2.30 

// Assigned Variables: 

D = 0.010 // Cylinder diameter, m 

eps1 = 0.4 // Spectral emissivity for lambda < lambdal 

eps2 = 0.8 // Spectral emissivity for lambda > lambdal 

lambdal = 4 // Wavelength, mum 

// Correlations Tool - Free Convection, Cylinder, Horizontal: 

NuDbar = NuD_bar_FC_HC(RaD,Pr) " // Eq 9.34 
NuDbar = h * D / k 

FtaD = g * beta * deltaT * D A 3 / (nu * alphan) //Eq 9.25 

deltaT = abs(Ts - Tinf) 

g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tf. 

Tff =Tfluid_avg(Tinf,Ts) 

// Properties Tool - Nitrogen: Lookup Table Function "nitrog" 

nu = lookupval (nitrog, 1 , Tff, 2) 
k = lookupval (nitrog, 1 , Tff, 3) 
alphan = lookupval (nitrog, 1 , Tff, 4) 
Pr = lookupval (nitrog, 1, Tff, 5) 
beta = 1 / Tff 

/* Lookup table function, nitrog; from Table A. 4 1 atm): 
Columns: T(K), nu(m A 2/s), k(W/m.K), alpha(m A 2/s), Pr 



300 


1 .586E-5 


0.0259 


2.21 E-5 


0.716 


350 


2.078E-5 


0.0293 


2.92E-5 


0.711 


400 


2.61 6E-5 


0.0327 


3.71 E-5 


0.704 


450 


3.201 E-5 


0.0358 


4.56E-5 


0.703 


500 


3.824E-5 


0.0389 


5.47E-5 


0.7 


550 


4.17E-5 


0.0417 


6.39E-5 


0.702 


600 


5.179E-5 


0.0446 


7.39E-5 


0.701 


700 


6.671 E-5 


0.0499 


9.44E-5 


0.706 


800 


8.29E-5 


0.0548 


0.000116 0.715 


900 


0.0001003 


0.0597 


0.000139 0.721 


1000 


0.0001187 


0.0647 


0.000165 0.721 7 
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PROBLEM 12.103 

KNOWN: Large combination convection-radiation oven heating a cylindrical product of a prescribed 
spectral emissivity. 

FIND: (a) Initial heat transfer rate to the product when first placed in oven at 300 K, (b) Steady-state 
temperature of the product, (c) Time to achieve a temperature within 50°C of the steady-state 
temperature. 



SCHEMATIC: 



X Oven, T,. = 1000 K 



T = 750 K 

oo 

V=5m/s 




► X (urn) 



D = 25 mm 



ASSUMPTIONS: (1) Cylinder is opaque-diffuse, (2) Oven walls are very large compared to the 
product, (3) Cylinder end effects are negligible, (4) is dependent of temperature. 

PROPERTIES: Table A-4, Air (T f = 525 K, 1 atm): v = 42.2xl0" 6 m 2 /s,k = 0.0423 W/m • K , 
Pr = 0.684; (T f = 850 K (assumed), 1 atm): v = 93.8xl0" 6 m 2 /s , k = 0.0596 W/m-K, Pr = 0.716 
ANALYSIS: (a) The net heat rate to the product is q net = A s (qc 0nv + a ^ ~ fF b ) > or 



Inet = ;r DL[h(T 00 - T) + aG - saT ] 



(1) 



Evaluating properties at T f = 525 K, Re D = VD/v = 5 m/ s x 0.025 m/ 42.2 x 10 6 m 2 /s = 2960 , and the 
Churchill-Bernstein correlation yields 

i4/5 



— hD 

Nud = 

k 



0.3 



0.62 Rep 2 Pr 1/3 



[l + (0.4/Pr) 2/3 ] 1/4 



1 



f Re 



D 



282,000 



27.5 



Hence, 



- 0.0423 W/m-K / 2 

h = x 27.5 = 46.5 W/m-K. 



0.025m 

The total, hemispherical emissivity of the diffuse, spectrally selective surface follows from Eq. 12.36, 

r oo / 4 

S = Jo £X (A ' T s )E ^,b / = ^l F (0^4//m) +^2( 1 - F (0^4/ym))' where ^T = 4 |im x 300 K = 1200 
Urn-K and = 0 002 ( Table l2A )- Hence, s = 0.8 x 0.002 + 0.2 (1 - 0.002) = 0.201. 

The absorptivity is for irradiation from the oven walls which, because they are large and isothermal, 
behave as a black surface at 1000 K. From Eq. 12.44, with = E^ ^ (k, 1000 K) and a^= s^, 

a = ^F(0^4//m) + ^2 C 1 " F (0^4//m) ) = 0-8 x 0.48 1 + 0.2(1 - 0.48 1) = 0.489 

where, for W = 4x 1000 = 4000 um-K from Table 12.1, F(0-AT) = °- 481 - From Fc l- C 1 ) the net initial 

heat rate is q net =ax 0.025m x 0.2 m[46.5 w/ m 2 • K(750 - 300) K + 0.489cr(1000) 4 K 4 - 0.201cr(300 K) 4 ] 



Continued... 
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PROBLEM 12.103 (Cont.) 



q = 763 W. 



< 



(b) For the steady-state condition, the net heat rate will be zero, and the energy balance yields 



0 = h(T 00 -T) + aG-ffoT' 



A 



(2) 



Evaluating properties at an assumed film temperature of T f = 850 K, Re D = VD/v = 5 m/s x 0.025 
m/93.8 x 10" 6 m 2 /s = 1333, and the Churchill-Bernstein correlation yields Nud = 18.6. Hence, h = 18.6 
(0.0596 W/m • K)/0.025 m = 44.3 W/m 2 • K. Since irradiation from the oven walls is fixed, the 
absorptivity is unchanged, in which case a = 0.489. However, the emissivity depends on the product 
temperature. Assuming T = 950 K, we obtain 



e = *lF(0->4//m) + e 2 0-~ F(0->4//m)) = 0. 8 x 0.443 + 0.2(1 - 0.443) = 0.466 

where for XT = 4 x 950 = 3800 Lim-K, Fo_ lx = 0.443 , from Table 12.1. Substituting values into Eq. (2) 
with a = 5.67 x 10" 8 W/m 2 -K 4 , 

0 = 44.3 (750 - T) + 0.489 a (1000 K) 4 - 0.466 a T 4 . 



(c) Using the IHT Lumped Capacitance Model with the Correlations, Properties (for copper and air) and 
Radiation Toolpads, the transient response of the cylinder was computed and the time to reach T = 880 K 
is 



COMMENTS: Note that h is relatively insensitive to T, while 8 is not. At T = 930 K, s = 0.456. 
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A trial-and-error solution yields T « 930 K. 



< 



t * 537 s. 



< 



PROBLEM 12.104 



KNOWN: Workpiece, initially at 25°C, to be annealed at a temperature above 725°C for a period of 
5 minutes and then cooled; furnace wall temperature and convection conditions; cooling surroundings 
and convection conditions. 

FIND: (a) Emissivity and absorptivity of the workpiece at 25°C when it is placed in the furnace, (b) 
Net heat rate per unit area into the workpiece for this initial condition; change in temperature with 
time, dT/dt, for the workpiece; (c) Calculate and plot the emissivity of the workpiece as a function of 
temperature for the range 25 to 750°C using the Radiation I Band Emission tool in IHT, (d) The time 
required for the workpiece to reach 725°C assuming the applicability of the lumped-capacitance 
method using the DER(T,t) function in IHT to represent the temperature-time derivative in your energy 
balance; (e) Calculate the time for the workpiece to cool from 750°C to a safe-to-touch temperature of 

40°C if the cool surroundings and cooling air temperature are 25°C and the convection coefficient is 

2 

100 W/m -K; and (f) Assuming that the workpiece temperature increases from 725 to 750°C during 
the five-minute annealing period, sketch (don't plot) the temperature history of the workpiece from the 
start of heating to the end of cooling; identify key features of the process; determine the total time 
requirement; and justify the lumped-capacitance method of analysis. 

SCHEMATIC: 



Too = 750°C 
h = 100 W/m 2 -K 



T(0) = Ti =25°C, 8, a 

p = 2700 kg/m 3 
c = 885 J/kg-K 
k = 165 W/m-K 



1.0 r 
0.8 



L = 10 mm T f = 750°C 
Heating-annealing conditions 




0.3 
0 



£ ^,1 



2.5 



X (luti) 



ASSUMPTIONS: (1) Workpiece is opaque and diffuse, (2) Spectral emissivity is independent of 
temperature, and (3) Furnace and cooling environment are large isothermal surroundings. 

ANALYSIS: (a) Using Eqs. 12.36 and 12.44, 8 and a can be determined using band-emission factors, 
Eq. 12.28 and 12.29. 

Emissivity, workpiece at 25 °C 

s=s X y F(o_^t) + £ U (l - F (0- AT) ) 

s = 0.3 x 1.6 x 10" 5 + 0.8 x (l - 1.6 x 10" 5 ) = 0.8 < 
where Fm-^T) * s determined from Table 12.1 with ^T = 2.5 urn x 298 K = 745 Lxm-K. 
Absorptivity, furnace temperature Tf — 750 °C 

a = s xx - F( 0 _ 2) X ) + e 2 ■ (l - F( 0 _ 2) T ) ) 

a = 0.3 x 0.174 + 0.8 x (l - 0.174) = 0.713 < 
where F(Q _ j^f) is determined with ^T = 2.5 urn x 1023 K = 2557.5 um-K. 

(b) For the initial condition, T(0) = Tj, the energy balance shown schematically below is written in 
terms of the net heat rate in, 

Continued 
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p// p II p II 

^out _ 11 st 



PROBLEM 12.104 (Cont.) 

and qnet,in = E m _ E out 



q net,in = 2[q^ - * E b ft) + o£ b (T f )] 
where G = Eb (Tf). Substituting numerical values, 



net,m 
n " 

4net,in 



h(T 00 - Tj ) - «jT. + acrlf 



100 W/ m 2 • K (750-25)K-0.8 x 5.67 x 10" 8 W/ m 2 • K 4 (298 K)' 



qnet,i 



in 



+ 0.713x5.67x10 8 W/m 2 -K 4 (1023 K) Z 
= 2x1 16.4 kW7 m 2 = 233 kW/ m 2 



Considering the energy storage term, 



Est = 



n " 

4net,in 



dT 
dT 



— n " 

— 4net,in 



233kW/m z 



i PcL 2700kg/m 3 x885 J/kg-Kx0.010m 



■ = 9.75K/s 



qcv £E b (Ti) aG 

\ // 



-T(0) = Tj 
Est 



/ \ \ 

(b) Energy balance, 
qcv eE b (Ti) aG initial condition 

(c) With the relation for s of Part (a) in the IHT workspace, and using the Radiation I Band Emission 
tool, s as a function of workpiece temperature is calculated and plotted below. 



Workpiece emissivity as a function of its temperature 




2- 
> 



E 
LU 



0.75 



0.7 



100 200 300 400 500 600 700 800 
Temperature, T (C) 



Continued 
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PROBLEM 12.104 (Cont.) 



As expected, 8 decreases with increasing T, and when T = Tf = 750°C, s = a = 0.713. Why is that so? 

(d) The energy balance of Part (b), using the lumped capacitance method with the IHT DER (T,t) 
function, has the form, 



h(T 00 - T) - sdT + aoTj = pcL DER (T, t) 



where s = s (T) from Part (c). From a plot of T vs. t (not shown) in the IHT workspace, find 

T(t a ) = 725°C when t a = 186 s < 

(e) The time to cool the workpiece from 750°C to the safe-to-touch temperature of 40°C can be 

determined using the IHT code from Part (d). The cooling conditions are Too = 25°C and h = 100 
2 

W/m -K with T sur = 25°C. The emissivity is still evaluated using the relation of Part (c), but the 
absorptivity, which depends upon the surrounding temperature, is a = 0.80. From the results in the 
IHT workspace, find 



T(t c ) = 40°C 



when 



t c =413 s 



(f) Assuming the workpiece temperature increases from 725°C to 750°C during a five-minute 
annealing period, the temperature history is as shown below. 




Annealing 
300 s 

A Heating j ^pooling 



40 
25 




186 



486 



899 



0 



250 



500 



750 



The workpiece heats from 25°C to 725°C in t a = 186 s, anneals for a 5-minute period during which the 
temperature reaches 750°C, followed by the cool-down process which takes 413 s. The total required 
time is 



t = t a +5x60 s + t c =(186 + 300 + 413)s = 899 s = 15min 



Continued 
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PROBLEM 12.104 (Cont.) 



The Biot number based upon convection only is 

_ h cv (L / 2) _ 100 W/ m 2 ■ K x 0.005 m _ 
k 165W/m-K 

so the lumped-capacitance method of analysis is appropriate. 

COMMENTS: The IHT code to obtain the heating time, including emissivity as a function of the 
workpiece temperature, Part (b), is shown below, complete except for the input variables. 

/* Analysis. The radiative properties and net heat flux in are calculated when the workpiece is 
just inserted into the furnace. The workpiece experiences emission, absorbed irradiation and 
convection processes. See Help \ Solver \ Intrinsic Functionsior information on DER(T, t). 7 

/* Results - conditions at t = 186 s, Ts C - 725 C 

FL1T T_C Tf L Tf_C Tinf_C eps1 eps2 h k 

lambdal rho t T 
0.1607 725.1 1023 0.01 750 750 0.3 0.8 100 165 

2.5 2700 186 998.1 7 



// Energy Balance 

2 * ( h * (Tinf - T) + alpha * G - eps * sigma * TM) = rho * cp * L * DER(T.t) 
sigma = 5.67e-8 
G = sigma * TfM 

// Emissivity and absorptivity 

eps = FL1T * eps1 + (1 - FL1T) * eps2 

FL1 T = F_lambda_T(lambda1 , T) // Eq 1 2.28 

alpha = 0.713 

// Temperature conversions 

T_C = T - 273 // For customary units, graphical output 

Tf_C = Tf - 273 
Tinf_C = Tinf - 273 
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PROBLEM 12.105 



KNOWN: For the semiconductor silicon, the spectral distribution of absorptivity, a^, at selected 
temperatures. High-intensity, tungsten halogen lamps having spectral distribution approximating that 
of a blackbody at 2800 K. 

FIND: (a) 1%-limits of the spectral band that includes 98% of the blackbody radiation corresponding 
to the spectral distribution of the lamps; spectral region for which you need to know the spectral 
absorptivity; (b) Sketch the variation of the total absorptivity as a function of silicon temperature; 
explain key features; (c) Calculate the total absorptivity at 400, 600 and 900°C for the lamp 
irradiation; explain results and the temperature dependence; (d) Calculate the total emissivity of the 
wafer at 600 and 900°C; explain results and the temperature dependence; and (e) Irradiation on the 
upper surface required to maintain the wafer at 600°C in a vacuum chamber with walls at 20°C. Use 
the Look-up Table and Integral Functions of IHT to perform the necessary integrations. 

SCHEMATIC: 




4 5 6 
Wavelength (jim) 

ASSUMPTIONS: (1) Silicon is a diffuse emitter, (2) Chamber is large, isothermal surroundings for 
the wafer, (3) Wafer is isothermal. 

ANALYSIS: (a) From Eqs. 12.28 and 12.29, using Table 12.1 for the band emission factors, F(q . xt)> 
equal to 0.01 and 0.99 are: 

F (0-ai-T) = °- 01 at/l r T = 1437 jum-K 

F (0-a2-T) = °" at h ' T = 23,324 jum ■ K 
So that we have X\ and X2 limits for several temperatures, the following values are tabulated. 
T(°C) T(K) A.i(nm) ^ 2 (um) 



400 
600 
900 



2800 
673 
873 

1173 



0.51 
2.14 
1.65 
1.23 



8.33 
34.7 
26.7 
19.9 



For the 2800 K blackbody lamp irradiation, we need to know the spectral absorptivity over the spectral 
range 0.51 to 8.33 /an in order to include 98% of the radiation. 

(b) The spectral absorptivity is calculated from Eq. 12.44 in which the spectral distribution of the lamp 
irradiation G\ is proportional to the blackbody spectral emissive power ^(/l,TJ at the 
temperature of lamps, T^ = 2800 K. 

a _ ff^G^dj _ g q x E A>b (A, 2800 K) 



or; 



4 



1 



Continued 
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PROBLEM 12.105 (Cont.) 



For 2800 K, the peak of the blackbody curve is at 1 Lxm; the limits of integration for 98% coverage are 
0.5 to 8.3 urn according to part (a) results. Note that ax increases at all wavelengths with temperature, 
until around 900°C where the behavior is gray. Hence, we'd expect the total absorptivity of the wafer 
for lamp irradiation to appear as shown in the graph below. 




900 



T(°C) 



At 900°C, since the wafer is gray, we expect (Xf = ax~ 0.68. Near room temperature, since ax « 0 

beyond the band edge, ag is dependent upon ax in the spectral region below and slightly beyond the 

peak. From the blackbody tables, the band emission fraction to the short-wavelength side of the peak 
is 0.25. Hence, estimate a g « 0.68 x 0.25 = 0.17 at these low temperatures. The increase of a£ with 
temperature is at first moderate, since the longer wavelength region is less significant than is the 

shorter region. As temperature increases, the ax closer to the peak begin to change more noticeably, 
explaining the greater dependence of on temperature. 

(c) The integration of part (b) can be performed numerically using the IHT INTEGRAL function and 
specifying the spectral absorptivity in a Lookup Table file (*.lut). The code is shown in the Comments 
(1) and the results are: 

T W (°C) 400 600 900 



0.30 



0.59 



0.68 



(d) The total emissivity can be calculated from Eq. 12.36, recognizing that s^, = a^, and that for silicon 
temperatures of 600 and 900°C, the 1% limits for the spectral integration are 1.65 - 26.7 Lxm and 1.23 - 
19.9 Lxm, respectively. The integration is performed in the same manner as described in part (c); see 
Comments (2). 

T(°C) 600 900 



0.66 



0.68 



(e) From an energy balance on the silicon wafer with irradiation on the upper surface as shown in the 
schematic below, calculate the irradiation required to maintain the wafer at 600°C. 

E i' n " E out =0 aftl ~ 2 [ s E b ( T w ) " «sur E b ( T sur )] = 0 

Recognize that a sur corresponds to the spectral distribution of Ex,,b (T SU r); that is, upon ax for long 
wavelengths (^ max ~ 10 H m )- We assume a sur « 0.1, and with T sur - 20°C, find 



0.59 G £ -2a 



0.66(600 + 273) 4 K 4 - 0.1(20 + 273f K 



= 0 



Continued 
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PROBLEM 12.105 (Cont.) 



Gi= 73.5 kW / m 2 
where E b (T) = aT 4 and a = 5.67 x 10" 8 W/m 2 -K 4 . 



< 




= 600°C 



/ \ 



eE b (T w ) a sur E b (T sur ) 



COMMENTS: (1) The IHT code to obtain the total absorptivity for the lamp irradiation, for a 

wafer temperature of 400°C is shown below. Similar look-up tables were written for the spectral 
absorptivity for 600 and 800°C. 

/* Results; integration for total absorptivity of lamp irradiation 

T = 400 C; find abs_t = 0.30 

ILb absL abs_t C1 C2 T sigma lambda 

1773 0.45 0.3012 3.742E8 1.439E4 2800 5.67E-8 10 7 

// Input variables 

T = 2800 // Lamp blackbody distribution 

// Total absorptivity integral, Eq. 12.44 

abs_t = pi * integral (ILsi, lambda) / (sigma * T A 4) // See Help | Solver 

sigma = 5.67e-8 

// Blackbody spectral intensity, Tools \ Radiation 

I* From Planck's law, the blackbody spectral intensity is 7 
ILsi = absL * ILb 

ILb = l_lambda_b(lambda, T, C1, C2) // Eq. 1 2.23 

// where units are ILb(W/m A 2.sr.mum), lambda (mum) and T (K) with 

C1 = 3.7420e8 // First radiation constant, W mum A 4/m A 2 

C2 = 1 .4388e4 // Second radiation constant, mum-K 

// and (mum) represents (micrometers). 

// Spectral absorptivity function 

absL = LOOKUPVAL(abs_400, 1 , lambda, 2) // Silicon spectral data at 400 C 

//absL = LOOKUPVAL(abs_600, 1 , lambda, 2) // Silicon spectral data at 600 C 

//absL = LOOKUPVAL(abs_900, 1 , lambda, 2) // Silicon spectral data at 900 C 

// Lookup table values for Si spectral data at 600 C 

/* The table file name is abs_400.lut, with 2 columns and 10 rows 



0.5 


0.68 


1.2 


0.68 


1.3 


0.025 


2 


0.05 


3 


0.1 


4 


0.17 


5 


0.22 


6 


0.28 


8 


0.37 


10 


0.45 7 



(2) The IHT code to obtain the total emissivity for a wafer temperature of 600°C has the same 
organization as for obtaining the total absorptivity. We perform the integration, however, with the 
blackbody spectral emissivity evaluated at the wafer temperature (rather than the lamp temperature). 
The same look-up file for the spectral absorptivity created in the part (c) code can be used. 
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PROBLEM 12.106 

KNOWN: Solar irradiation of 1 100 W/m 2 incident on a flat roof surface of prescribed solar absorptivity 
and emissivity; air temperature and convection heat transfer coefficient. 

FIND: (a) Roof surface temperature, (b) Effect of absorptivity, emissivity and convection coefficient on 
temperature. 



SCHEMATIC: 



9 conv 



^ = 27 00 ► 
h = 25 W/m 2 .K 



G s = 1100 W/m 2 




V///////////X 



rT„e = 0.2, a~ = 0.6 
' — ~f — Metal plate, roof surface 
Insulation 



ASSUMPTIONS: (1) Steady-state conditions, (2) Back-side of plate is perfectly insulated, (3) 
Negligible irradiation to plate by atmospheric (sky) emission. 

ANALYSIS: (a) Performing a surface energy balance on the exposed side of the plate, 

.4 



«S G S " qconv " £ E b ( T s ) = 0 «S G S - h ( T s - T oo ) " «^ 

Substituting numerical values and using absolute temperatures, 



0 



0.6x1100- 



W 



-25- 



W 



m 



2 v 
m • K 



(T S -300)K- 0.2(5.67x10 ° W/m 2 - K 4 )T S 4 = 0 



-8^4 



Regrouping, 8160 = 25T S +1.1340x10 T s , and performing a trial-and-error solution, 

T s = 321.5 K = 48.5°C. 
(b) Using the IHT First Law Model for a plane wall, the following results were obtained. 




20 40 60 80 

Convection coefficient, h(W/m A 2.K) 

eps = 0.2, alphas = 0.6 
eps = 0.8, alphas = 0.6 
eps = 0.8, alphas = 0.2 



Irrespective of the value of h , T decreases with increasing s (due to increased emission) and decreasing 
as (due to reduced absorption of solar energy). For moderate to large as and/or small 8 (net radiation 
transfer to the surface) T decreases with increasing h due to enhanced cooling by convection. However, 
for small as and large s, emission exceeds absorption, dictating convection heat transfer to the surface 
and hence T < . With increasing h , T — > , irrespective of the values of as and s. 



COMMENTS: To minimize the roof temperature, the value of e/as should be maximized. 
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PROBLEM 12.107 

KNOWN: Cavity with window whose outer surface experiences convection and radiation. 

FIND: Temperature of the window and power required to maintain cavity at prescribed temperature. 

SCHEMATIC: 



Cavi+y 
T^ZSO'C 




~c&cf \ B E b (T) 



- v - feE b (T) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Cavity behaves as a blackbody, (3) Solar spectral 
distribution is that of a blackbody at 5800K, (4) Window is isothermal, (5) Negligible convection on 
lower surface of window. 

PROPERTIES: Window material: 0.2 < X < 4 Lim, x x = 0.9, = 0, hence = 1 - x x = 0.1; 4 ixm < 
X, xx = 0, a = s = 0.95, diffuse-gray, opaque. 

ANALYSIS: To determine the window temperature, perform an energy balance on the window, 
F in — F out = 0 

KurGsur +«S G S ~ sE b -q C onv] upper +[« C G C ~sE b (T)] lowef =0. (1) 
Calculate the absorptivities for various irradiation conditions using Eq. 12.44, 

fCO f CO 

« = J 0 ^G A dA/\ Q G A dA (2) 
where G(X) is the spectral distribution of the irradiation. 

Surroundings, a sur : G sur = E b (T sur ) = crT S u r 

F (0^4//m) - F (0^0.2//m) J + °- 95 [ l ~ F (0^4//m) 
where from Table 12.1, with T = T sur = (25 + 273)K = 298K, 

/lT = 0.2//mx298K = 59.6//m-K, Ify-AT) = 0 - 000 

/LT = 4//mx298K = 1192//m-K, Ify-AT) = °- 002 
«sur = 0. 1 [0.002 - 0.000] + 0.95 [l - 0.002] = 0.948. 

Solar, a s : G s ~ E b (5800K) 



«sur =0.1 



a s =0.1 



+ 0.95 



1- 



'^0->4//m) 



F (0^4//m) _F (0^0.2//m) 
where from Table 12.1, with T = 5800K, 

/lT = 0.2//mx5800K = 1160//m-K, Ify-AT) = 0.002 

/lT = 4//mx5800K = 23,200//m-K, F( 0 _ AT j = 0.990 
« s = 0. 1 [0.990 - 0.002] + 0.95 [l - 0.990] = 0. 108. 



(3) 



(4) 



Continued 
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PROBLEM 12.107 (Cont.) 



+ 0.95 



1-R 



(0-»4//m) 



(5) 



Cavity, a c : G c = Eb(T c ) = crT c 

a c =0.l F(o-»4//m) _F (0-»0.2//m) 

where from Table 12.1 with T c = 250°C = 523K, 

ZT = 0.2//mx 523K = 104.6//m • K, Fq^T = °- 000 
/LT = 4//mx523K = 2092//m-K r^^x = 0.082 
a c = 0. 1 [0.082 - 0.000] + 0.95 [l - 0.082] = 0.880. 

To determine the emissivity of the window, we need to know its temperature. However, we know that 
T will be less than T c and the long wavelength behavior will dominate. That is, 

e « ex (A > 4//m) = 0.95. (6) 
With these radiative properties now known, the energy equation, Eq. (1) can now be evaluated using 
Iconv = n (T - Too) with all temperatures in kelvin units. 

0.948 x a ( 298K) 4 + 0. 108 x 800 W / m 2 - 0.95 x aT 4 - 10 W / m 2 • K (T - 298K) 



+0.880a (523K) 4 - 0.95 x aT 4 = 0 



1.077x10 7 T 4 +10T- 7223 = 0. 



Using a trial-and-error approach, find the window temperature as 
T = 413K = 139°C. 

To determine the power required to maintain the cavity 
at T c = 250°C, perform an energy balance on the cavity. 

Ein ~~ E OU { = 0 

q p + A c [pE h (T c ) + r s G s + £ E h (T) - E b (T c )] = 0. 

For simplicity, we have assumed the window opaque to 
irradiation from the surroundings. It follows that 



T S= l -PS~ a S =1-0-0.108 = 0.892 
p = \-a = 1-^ = 1-0.95 = 0.05. 



2 . 



Hence, the power required to maintain the cavity, when A c = (n/4)D , is 



q P 



<jT 4 - pcT 4 - r s G s - saY 4 



q p =-(0.050m) z a(523Kf -0.05o"(523Kf -0.892x800W/m / -0.95o"(412K) i 



q P 



= 3.47W. 



COMMENTS: Note that the assumed value of s = 0.95 is not fully satisfied. With T = 412K, we 
would expect 8 = 0.929. Hence, an iteration may be appropriate. 
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PROBLEM 12.108 

KNOWN: Features of an evacuated tube solar collector. 
FIND: Ideal surface spectral characteristics. 
SCHEMATIC: 

-Outer tube 
In ner "tube 
'Evdcua-ted space 

ANALYSIS: The outer tube should be transparent to the incident solar radiation, which is 
concentrated in the spectral region X < 3Lxm, but it should be opaque and highly reflective to radiation 
emitted by the outer surface of the inner tube, which is concentrated in the spectral region above 3Lxm. 
Accordingly, ideal spectral characteristics for the outer tube are 




Note that large p\ is desirable for the outer, as well as the inner, surface of the outer tube. If the 

surface is diffuse, a large value of px yields a small value of ex = = 1 - p^- Hence losses due to 
emission from the outer surface to the surroundings would be negligible. 

The opaque outer surface of the inner tube should absorb all of the incident solar radiation (k < 3[im) 
and emit little or no radiation, which would be in the spectral region X > 3|im. Accordingly, assuming 
diffuse surface behavior, ideal spectral characteristics are: 




1 



0 
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PROBLEM 12.109 



KNOWN: Plate exposed to solar flux with prescribed solar absorptivity and emissivity; convection 
and surrounding conditions also prescribed. 

FIND: Steady-state temperature of the plate. 

SCHEMATIC: 

T -17°C 



h=Z0Wlmz-K- 



t 



& s --900WlmZ 

rQ r ot s =a<t 

I JJr al 




V/////M/M//i/k-Insulation 




ASSUMPTIONS: (1) Steady-state conditions, (2) Plate is small compared to surroundings, (3) 
Backside of plate is perfectly insulated, (4) Diffuse behavior. 

ANALYSIS: Perform a surface energy balance on the top surface of the plate. 
Ein _ E OU { = 0 

«S G S + a G sur - qconv " e E b ( T s ) = 0 
Note that the effect of the surroundings is to provide an irradiation, G sur , on the plate; since the 
spectral distribution of G sur and E^ b (T s ) are nearly the same, accordiing to Kirchoff ' s law, a = s. 
Recognizing that G sur = crT s „ r and using Newton' s law of cooling, the energy balance is 

a S G S + ^ T sur - h (T s - ^ ) - e ■ <xT 4 = 0. 
Substituting numerical values, 

0.9 x 900 W / m 2 + 0. 1 x 5.67 x 10" 8 W / m 2 • K x (17 + 273) 4 K 4 

-20W / m 2 • K (T s - 290) K- 0.1 (5.67 xlO" 8 W/m 2 -K 4 jT 4 =0 

6650 W / m 2 = 20 T s + 5 .67 x 10" 9 T s 4 . 
From a trial-and-error solution, find 

T s = 329.2 K. < 

COMMENTS: (1) When performing an analysis with both convection and radiation processes 
present, all temperatures must be expressed in absolute units (K). 

(2) Note also that the terms a G sur - s Eb (T s ) could be expressed as a radiation exchange term, written 
as 



q ra d =q/A = ^T s 4 ur -T 4 j. 



The conditions for application of this relation were met and are namely: surroundings much larger 
than surface, diffuse surface, and spectral distributions of irradiation and emission are similar (or the 
surface is gray). 
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PROBLEM 12.110 



KNOWN: Directional distribution of 0,9 for a horizontal, opaque, gray surface exposed to direct and 
diffuse irradiation. 

FIND: (a) Absorptivity to direct radiation at 45° and to diffuse radiation, and (b) Equilibrium 
temperature for specified direct and diffuse irradiation components. 



SCHEMATIC: 




0 0.1 




ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, gray surface behavior, (3) Negligible 
convection at top surface and perfectly insulated back surface. 

ANALYSIS: (a) From knowledge of ae (0) - see graph above - it is evident that the absorptivity of 
the surface to the direct radiation (45°) is 

«dir =«#(45°) = 0.8. < 

The absorptivity to the diffuse radiation is the hemispherical absorptivity given by Eq. 12.42. 
Dropping the X subscript, 

a dir =2 j^ OJ0(0)cos0sin0d0 (1) 

nil 



«dir = 2 



0.8 



sin 2 6> 



tt/3 
0 



+0.1 



sin 2 6> 



x/3 



«dir =0.625. 
(b) Performing a surface energy balance, 

^out ~~ u 

a dir G dir + a dif G dif - ^ crT s 4 = 0. 



(2) 



The total, hemispherical emissivity may be obtained from Eq. 12.34 where again the subscript may be 
deleted. Since this equation is of precisely the same form as Eq. 12.36 - see Eq. (1) above - and since 

ae = 89, it follows that 

s = «dif = 0.625 
and from Eq. (2), find 



4 _ (0.8x600 + 0.625 x 100) W/m 2 _ 10 4 

— 1.53x10 K , 



% : = 



0.625 x 5.67 x 10" 8 W / m 2 • K 4 



T s = 352 K. 



COMMENTS: In assuming gray surface behavior, spectral effects are not present, and total and 
spectral properties are identical. However, the surface is not diffuse and hence hemispherical and 
directional properties differ. 
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PROBLEM 12.111 

KNOWN: Plate temperature and spectral and directional dependence of its absorptivity. Direction 
and magnitude of solar flux. 

FIND: (a) Expression for total absoiptivity, (b) Expression for total emissivity, (c) Net radiant flux, 
(d) Effect of cut-off wavelength associated with directional dependence of the absorptivity. 



SCHEMATIC: 



Absorber plate (as, £) 



q" s = 1000 W/m 




1 r 



axe 



a-i = 0.93 
a 2 = 0.25 



0 



ASSUMPTIONS: (1) Diffuse component of solar flux is negligible, (2) Spectral distribution of solar 
radiation may be approximated as that from a blackbody at 5800 K, (3) Properties are independent of 
azimuthal angle (f>. 

ANALYSIS: (a) For A<A C and 0- 45°, a x = «i cos<9= 0.707 a x . From Eq. (12.45) the total 
absorptivity is then 



ag = 0.707 a\ 



j^E^b (A,5800 K)dA 



E b 



+ «2 



JjE^b (A,5800 K)dA 



E b 



a s = 0.707 a x ya 2 1 - ?(q^a c ) 



For the prescribed value of A c , /t c T = 11,600 /an-K and, from Table 12.1, F(o_>;tc) = 0.941. Hence, 
a s =0.707x0.93x0.941 + 0.25(1-0.941) = 0.619 + 0.015 = 0.634 < 
(b) With sx e- a A o> Eq (12.34) may be used to obtain ex for X < A c . 



^(^ 5 T) = 2ai cos 6 sin 6 &6 = -2a\ 
From Eq. (12.36), 



cos 3 6> 



nil 2 



£ = 0.667 a\ — + «2 — 



s = 0.667 a x F( 0 ^ c ) + a 2 [l- F( 0 _ lc ) 

For A c = 2 /jm and T p = 333 K, A C T = 666 //m-K and, from Table 12.1, F(o-i c ) = 0- Hence, 
s = CC2 = 0.25 



Continued 
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PROBLEM 12.111 (Cont.) 



(c) q net =a s q , ^-saTp =634 W/m 2 -0.25x5.67 xlO" 8 W/m 2 -K 4 (333 K) 4 

q net =460 W/m 2 < 

(d) Using the foregoing model with the Radiation/Band Emission Factor option of IHT, the following 
results were obtained for as and s. The absorptivity increases with increasing X c , as more of the 
incident solar radiation falls within the region of a\ > «2- Note, however, the limit at X « 3 /an, 
beyond which there is little change in as- The emissivity also increases with increasing X c , as more of 
the emitted radiation is at wavelengths for which s \ = a\ > £2 = #2. However, the surface temperature 
is low, and even for X c -5 /an, there is little emission at X < X c . Hence, s only increases from 0.25 to 
0.26 as X c increases from 0.7 to 5.0 /an. 




0-2 H 1 1 1 1 1 1 1 1 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
Cut-off wavelength (micrometer) 

-•— AlphaS 
— ±— Epsilon 



The net heat flux increases from 276 W/m at X c = 2 /an to a maximum of 477 W/m at X c = 4.2 /an 

2 

and then decreases to 474 W/m at X c - 5 /an. The existence of a maximum is due to the upper limit 
on the value of as and the increase in s with X c . 

COMMENTS: Spectrally and directionally selective coatings may be used to enhance the 
performance of solar collectors. 
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PROBLEM 12.112 

KNOWN: Spectral distribution of for two roof coatings. 

FIND: Preferred coating for summer and winter use. Ideal spectral distribution of ax- 



SCHEMATIC: 



lr 

0.8 

oc, 0.6 
A 04- 
0.2- 



Coati ng A 



Coating & 



4 § 12. 16^Myim) 



ASSUMPTIONS: (1) Opaque, diffuse surface behavior, (2) Negligible convection effects and heat 
transfer from bottom of roof, negligible atmospheric irradiation, (3) Steady-state conditions. 

ANALYSIS: From an energy balance on the roof surface 



^ T s =«S G S- 



Hence 



S G 



Solar irradiation is concentrated in the spectral region X < 4|im, while surface emission is concentrated 
in the region X > 4-Lxm. Hence, with a^, = &x 



Coating A: 



a s * 0.8, 



s*0.8 



Coating B: as ~ 0.6, 



s*0.2. 



Since (as/s)A = 1 < (as/s)B = 3, Coating A would result in the lower roof temperature and is preferred 
for summer use. In contrast, Coating B is preferred for winter use. The ideal coating is one which 
minimizes (as/s) in the summer and maximizes it in the winter. 




summer 



0 



8 1Z 16 



Winter 
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PROBLEM 12.113 

KNOWN: Shallow pan of water exposed to night desert air and sky conditions. 

FIND: Whether water will freeze. 

SCHEMATIC: 





Wafer, T s ,a 



ASSUMPTIONS: (1) Steady-state conditions, (2) Bottom of pan is well insulated, (3) Water surface 
is diffuse-gray, (4) Sky provides blackbody irradiation, G s k y = cT^y. 

PROPERTIES: Table A-ll, Water (300 K): s = 0.96. 

ANALYSIS: To estimate the water surface temperature for these conditions, begin by performing an 
energy balance on the pan of water considering convection and radiation processes. 

^out u 

« G sky ~ sE b "h(T s -Too) = 0 



H T s 4 ky- T s 4 )- h ( T s-Too) = 0. 



Note that, from Eq. 12.67, G^y = crT^y and from Assumption 3, a = s. Substituting numerical 
values, with all temperatures in kelvin units, the energy balance is 



0.96x5.67x10 



-8 W 



m 2 -K 4 



5.443x10 



-8 



233 



(-40+273) -T S Z 
5[T s -293] = 0. 



K 4 -5 ^ [T s -(20+273)]K = 0 
m K 



Using a trial-and-error approach, find the water surface temperature, 

T s = 268.5 K. < 

Since T s < 273 K, it follows that the water surface will freeze under the prescribed air and sky 
conditions. 

COMMENTS: If the heat transfer coefficient were to increase as a consequence of wind, freezing 

might not occur. Verify that for the given Too and T s k y , that if h increases by more than 40%, 
freezing cannot occur. 
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PROBLEM 12.114 



KNOWN: Flat plate exposed to night sky and in ambient air at T a i r = 15°C with a relative humidity 
of 70%. Radiation from the atmosphere or sky estimated as a fraction of the blackbody radiation 
corresponding to the near-ground air temperature, G s k y = s s k y a T a j r , and for a clear night, s s k y = 
0.741 + 0.0062 T(j p where T^p is the dew point temperature (°C). Convection coefficient estimated by 

— / 2 \ 1/3 
correlation, h W / m ■ KJ = 1.25AT where AT is the plate-to-air temperature difference (K). 

FIND: Whether dew will form on the plate if the surface is (a) clean metal with s m = 0.23 and (b) 
painted with e p = 0.85. 

SCHEMATIC: 




Tair=15°C 
RH = 70% 
h = 1.25AT 1/3 



Night sky 

Gsky = £ sky CT "Tf[j r 
£ sky = 0.741 + 0.0062T dp (°C) 



T s , Clean metallic, e m = 0.23 



q'cv eE b (T s ) a sky G sky 



^ V/, 



Painted surface, e p = 0.85 



'WMmv/z/Mmv/M 



ASSUMPTIONS: (1) Steady-state conditions, (2) Surfaces are diffuse, gray, and (3) Backside of 
plate is well insulated. 

PROPERTIES: Psychrometric charts (Air), T dp = 9.4°C for dry bulb temperature 15°C and relative 
humidity 70%. 

ANALYSIS: From the schematic above, the energy balance on the plate is 
^out ~~ u 
«sky G sky + q c 'v " £ E b ( T s) = 0 

s {o.lA 1 + 0.0062 T dp ( ° C) J a T 4 ^ + 1.25(T air - T s ) 4/3 W / m 2 - «rT s 4 W / m 2 = 0 

where G s k y = s s k y o T a i r , s s k y = 0.741 + 0.062 T^p (°C); T^p has units (°C); and, other temperatures in 
kelvins. Since the surface is diffuse-gray, a s k y = s. 

(a) Clean metallic surface, s m - 0.23 

0.741 + 0.0062 T dp (°c)V(l5 + 273) 4 K 4 



0.23 



+1.25 (289 



T s m = 282.7 K = 9.7 C 



T s,m) 4/3 W/m 2 -023 o-T 4 m W/m 2 =0 



T s , p = 278.5 K=5.5°C 



(b) Painted surface, s p — 0.85 

COMMENTS: For the painted surface, s p = 0.85, find that T s < Tjp, so we expect dew formation. 
For the clean, metallic surface, T s > Tjp, so we do not expect dew formation. 



< 

< 
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PROBLEM 12.115 

KNOWN: Glass sheet, used on greenhouse roof, is subjected to solar flux, Gs, atmospheric emission, 
G a tm> an d interior surface emission, Gi, as well as to convection processes. 

FIND: (a) Appropriate energy balance for a unit area of the glass, (b) Temperature of the greenhouse 
ambient air, T^j, for prescribed conditions. 



SCHEMATIC: 




Conditions: 

T 3 =Z7"C T^Z+'C 
h; =10W/m*-K h 0 =S5W/m'K 
G s =1100Wlm*- G-ft m =250W/m2 



ASSUMPTIONS: (1) Glass is at a uniform temperature, T g , (2) Steady-state conditions. 

PROPERTIES: Glass: xx = 1 for X < lixm; xx = 0 and ax = 1 for X > 1 urn. 

ANALYSIS: (a) Performing an energy balance on the glass sheet with Ej n — E out = 0 and 
considering two convection processes, emission and three absorbed irradiation terms, find 

«S G S + «atm G a tm + h o ( T oo,o - T g ) + «i Gj + hj (t^ - T g ) - 2 s a T 4 = 0 (1) 

where as = solar absorptivity for absorption of Qx$ ~ Ex,b (K 5800K) 

ot a tm = oti = absorptivity of long wavelength irradiation (X » 1 ixm) « 1 
s = ax for X » 1 ixm, emissivity for long wavelength emission « 1 

(b) For the prescribed conditions, T^j can be evaluated from Eq. (1). As noted above, a atm = ai = 1 
and 8 = 1. The solar absorptivity of the glass follows from Eq. 12.45 where Gx,s ~ E^b (X, 5800K), 

as =l™a A G A $dA/G s =| o G °« /l E /l)b (2,5800K)d2/E b (5800K) 

as = aify-H/mi) + az [l - F( 0 ^ 1//m ) ] = 0 x 0.720 + 1 .0 [l - 0.720] = 0.28. 

Note that from Table 12.1 for XT — 1 ixm x 5800K = 5800 Lim-K, F (0 . X) = 0.720. Substituting 
numerical values into Eq. (1), 

0.28xll00W/m 2 +lx250W/m 2 + 55W/m 2 -K(24-27)K + lx440W/m 2 + 

10 W / m 2 • K (Too j - 27) K - 2 x 1 x 5.67 x 10" 8 W / m 2 • K ( 27 + 273) 4 K 4 = 0 

find that 

T^i =35.5°C < 
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PROBLEM 12.116 

KNOWN: Plate temperature and spectral absorptivity of coating. 

FIND: (a) Solar irradiation, (b) Effect of solar irradiation on plate temperature, total absorptivity, and 
total emissivity. 



SCHEMATIC: 



0.95 



0.03 - 



4.5 



ASSUMPTIONS: (1) Steady-state, (2) Opaque, diffuse surface, (3) Isothermal plate, (4) Negligible 
radiation from surroundings. 

ANALYSIS: (a) Performing an energy balance on the plate, 2a s G s - 2E = 0 and 
agGs - £oT 4 = 0 

For XT = 4.5 Lim x 2000 K = 9000 um-K, Table 12.1 yields F (o ^ w = 0.890. Hence, 

£ = + £ 2 f 1 " F (o^A) ) = 095 x °- 890 + 003 ( l ~ °- 890 ) = °- 849 

For AT = 4.5 urn x 5800 K = 26,100, F (o ^ X) = 0.993. Hence, 

a S = a l ¥ (0^A) + a 2 ( l ~ F (0^) ) = °- 95 x °- 993 + °- 03 x °- 007 = °- 944 

Hence, 

G s =(s/a s )aT 4 =(0.849/0.944) 5.67 xlO" 8 w/m 2 -K 4 (2000 K) 4 =8.16 xlO 5 w/m 2 < 
(b) Using the IHT First Law Model and the Radiation Toolpad, the following results were obtained. 



e 




500 1000 1500 2000 2500 
Plate temperature, T(K) 



3000 




500 



1000 



alphas 
eps 



1 500 2000 
Temperature, T(K) 



2500 3000 



The required solar irradiation increases with T to the fourth power. Since a s is determined by the spectral 
distribution of solar radiation, its value is fixed. However, with increasing T, the spectral distribution of 
emission is shifted to lower wavelengths, thereby increasing the value of s. 
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PROBLEM 12.117 



KNOWN: Thermal conductivity, spectral absorptivity and inner and outer surface conditions for wall 
of central solar receiver. 

FIND: Minimum wall thickness needed to prevent thermal failure. Collector efficiency. 
SCHEMATIC: 



k=15Wfm-K- 
700K 

hj=1000W/m* 




-T SO =1000K 



= 8,0,000 W/mZ 




-c< 1 =0.9(^<3jum),<x 2 -0.Z(X>^jum) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Outer surface is opaque and diffuse, (3) Spectral 
distribution of solar radiation corresponds to blackbody emission at 5800 K. 

ANALYSIS: From an energy balance at the outer surface, Ej n — E out , 

«SqS + «surG sur = £v\o + h o ( T s,o " T oo,o j + ( L/k ) + ( 1/h .) 

Since radiation from the surroundings is in the far infrared, a sur = 0.2. From Table 12.1, ^T = (3 |im x 
5800 K) = 17,400 Ltm-K, find F (0 ^ m) = 0.979. Hence, 

Jo 00 ^^(5800 K)dA 



«s = 



E b 



«l F (0^3//m) + «2F( 3 ^oo) = 0.9(0.979) + 0.2(0.021) = 0.885. 



From Table 12.1, XT = (3 urn x 1000 K) = 3000 um-K, find F (0 ^ 3|jm ) = 0.273. Hence, 

1"°%^ b (1000 K)<U 
s s = * — = £iF (0 ^ 3) + ^(3^00) = 0.9(0.273) + 0.2(0.727) = 0.391. 

Substituting numerical values in the energy balance, find 

0.885^80,000 W/m 2 j + 0.2x5.67 xlO" 8 W/m 2 -K 4 (300 k) 4 = 0.391 x 5.67 x 10" 8 W7 m 2 • K 4 (1000 k) 4 

+25 W/m 2 -K(700 K) + (300 K)/ (L/15 W/m-K) + |l/1000 W/m 2 -k) 
L = 0.129 m. 



The corresponding collector efficiency is 



-luse 

qs 



T -T 
(L/k) + (l/hj) 



/qs 



300 K 



(0.129 m/15 W/m-K) + (o.001 m 2 -K/wJ 



/80,000 W/m 2 = 0.391 or 39.1%. < 



COMMENTS: The collector efficiency could be increased and the outer surface temperature reduced 
by decreasing the value of L. 
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PROBLEM 12.118 



KNOWN: Dimensions, spectral absorptivity, and temperature of solar receiver. Solar irradiation and 
ambient temperature. 

FIND: (a) Rate of energy collection q and collector efficiency r\, (b) Effect of receiver temperature on q 
and r|. 



SCHEMATIC: 
0.9 



a 



X 

0.2 - 



D = 7m 



L= 12 m 




q' 



= 300 K 



conv 

G„ = 80,000 W/m 2 



ASSUMPTIONS: (1) Steady-state, (2) Uniform irradiaton, (3) Opaque, diffuse surface. 



PROPERTIES: Table A.4, air (T f = 550 K): v = 45.6 x 10" 6 m 2 /s, k = 0.0439 W/m-K, a = 66.7 x 10 
m 2 /s, Pr = 0.683. 

ANALYSIS: (a) The rate of heat transfer to the receiver is q = A s (c^Gg - E - qconv ) > or 

q = xDL « S G S - «rT s 4 - h (T s - T^ ) 
For XT = 3 |am x 5800 K = 17,400, F^) = 0.979. Hence, 

a s = cq^o-a) + a 2 (l- F (o^>A)) = 09 x °- 979 + 0.2(0.021) = 0.885 
For XT — 3 |am x 800 K = 2400 um-K, F (0 ^ X) = 0.140. Hence, 

£ = qF(o^a) + s 2 (l- F (0^/l) ) = 0.9 x 0. 140 + 0.2(0.860) = 0.298 . 

With Ra L = gP(T s - T^ )L 3 /av = 9.8 m/s 2 ( 1/550 K)(500 K)(12 m) 3 /66.7 x 10 6 m 2 /s x 45.6 x 10 6 m 2 /s = 
5.06 x 10 12 , Eq. 9.26 yields 



Nul = < 



0.825 + ■ 



0.387RaL 6 



l + (0.492/Pr) 



9/16 



n 8/27 



= 1867 



- — k 0.0439 W/m-K / 2 

h = Nu L - = 1867 '- = 6.83W m A -K 

L 12m 

Hence, 

q = i(7mxl2m) 0.885 x 80, 000 w/ m 2 - 0.298 x 5.67 x 10" 8 w/ m 2 - K 4 (800 K) 4 - 6.83 w/ m 2 K (500 K) 



q = 263.9 m 2 (70, 800 - 6, 920 - 3415) w/ m 2 = 1.60 x 10 7 W 



The collector efficiency is r| = q/A s Gs- Hence 



V = 



1.60x10 W 



263.9 m 2 (80, 000 w/m 2 



= 0.758 



Continued 
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PROBLEM 12.118 (Cont.) 

(b) The IHT Correlations, Properties and Radiation Toolpads were used to obtain the following results. 



0.9 

1.8E7 i , , , , , , , 1 




1.1E7-| 1 1 1 1 1 1 1 1 0.5 -| 1 1 1 1 1 1 1 

600 700 800 900 1000 600 700 800 900 1000 



Receiver temperature, Ts(K) Receiver temperature, T(K) 

Losses due to emission and convection increase with increasing T s , thereby reducing q and T|. 

COMMENTS: The increase in radiation emission is due to the increase in T s , as well as to the effect of 
T s on s, which increases from 0.228 to 0.391 as T s increases from 600 to 1000 K. 
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PROBLEM 12.119 

KNOWN: Dimensions and construction of truck roof. Roof interior surface temperature. Truck speed, 
ambient air temperature, and solar irradiation. 

FIND: (a) Preferred roof coating, (b) Roof surface temperature, (c) Heat load through roof, (d) Effect 
of velocity on surface temperature and heat load. 

SCHEMATIC: 

<Ajr> G s = 900 W/m A^ L = 5 m ~ * f = ^ m G E * 

T = 300 K / ^ 1 



'oo 

V 




V k = 0.05 W/m K 



I ^cond \ 



T si =260 



ASSUMPTIONS: (1) Turbulent boundary layer development over entire roof, (2) Constant properties, 
(3) Negligible atmospheric (sky) irradiation, (4) Negligible contact resistance. 

PROPERTIES: Table A.4, Air (T so « 300 K, 1 atm): v = 15x 10" 6 m 2 /s , k = 0.026 W/m K , 
Pr = 0.71. 

ANALYSIS: (a) To minimize heat transfer through the roof, minimize solar absorption relative to 
surface emission. Hence, use zinc oxide white for which a s = 0.16 and s = 0.93. (Table A. 12) ^ 

(b) Performing an energy balance on the outer surface of the roof, a$G$ + qconv ~ E - q^ond = 0 , it 
follows that 

« S G S + h(T x - T S;0 ) = s cxT s 4 0 + (k/t)(T S 0 - T s i ) 

where it is assumed that convection is from the air to the roof. With 

VL 30m/s(5m) 7 
ReL = = ' t~ = 10 

v 15xl0" 6 m 2 /s 

Nul =0.037ReL /5 Pr 1/3 = 0.037(10 7 ) 4/5 (0.71) 1/3 = 13,141 

h = NuL(k/L) = 13,141(0.026 W/m K/5m = 68.3 w/ m 2 - K . 
Substituting numerical values in the energy balance and solving by trial-and-error, we obtain 

T s>0 = 295.2 K. < 

(c) The heat load through the roof is 

q = (kA s /t)(T S 0 - T s i ) = (0.05 w/m • K x 10 m 2 /o.025 m)35.2 K = 704 W . < 

(d) Using the IHT First Law Model with the Correlations and Properties Toolpads, the following results 
are obtained. 



Continued... 
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PROBLEM 12.119 (Cont.) 




5 10 15 20 25 30 Velocity, V(m/s) 



Velocity, V(m/s) 



The surface temperature and heat load decrease with decreasing V due to a reduction in the convection 
heat transfer coefficient and hence convection heat transfer from the air. 

COMMENTS: The heat load would increase with increasing as/s. 
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PROBLEM 12.120 

KNOWN: Sky, ground, and ambient air temperatures. Grape of prescribed diameter and properties. 

FIND: (a) General expression for rate of change of grape temperature, (b) Whether grapes will freeze 
in quiescent air, (c) Whether grapes will freeze for a prescribed air speed. 



SCHEMATIC: 



D =lSmm^^l^ d£st lJ^kY= Z:55K Grape 



T 00 =Z73K 
V=0orlm/s 



9" 

■Let 



cony 



*wmm>wmmmm. 



T>-5°C 



ASSUMPTIONS: (1) Negligible temperature gradients in grape, (2) Uniform blackbody irradiation 
over top and bottom hemispheres, (3) Properties of grape are those of water at 273 K, (4) Properties of 

air are constant at values for Too, (5) Negligible buoyancy for V = 1 m/s. 

PROPERTIES: Table A-6, Water (273 K): c p = 4217 J/kg-K, p = 1000 kg/m 3 ; Table A-4, Air (273 
K, 1 atm): v = 13.49 x 10" 6 m 2 /s, k = 0.0241 W/m-K, a = 18.9 x 10" 6 m 2 /s, Pr = 0.714, p = 3.66 x 10" 
3 K \ 

ANALYSIS: (a) Performing an energy balance for a control surface about the grape, 



dE 



st 



3 dT„ - --2 



dt 6 ™ dt 

Hence, the rate of temperature change with time is 

(b) The grape freezes if dT g /dt < 0 when T g = T fp = 268 K. With 

gtffToo-TjD 3 9.8 m/s 2 (3.66xl0" 3 K _1 )5K(0.015 mf 

Ra D = ^ ^ ' '- 

using Eq. 9.35 find 



= h^D 2 " T g ) + ^- (G ea + G sky ) - E^D : 



av 



18.9x10 6 xl3.49xl0 6 m 4 /s 2 



= 2374 



Nu D =2 + 



0.589(2374) 



1/4 



1 + (0.469 /Pr)' 



9/16 



4/9 



= 5.17 



h = (k/D)Nu D =[(0.0241 W/m-K)/(0.015 m)]5.17 = 8.31 W/m 2 -K. 
Hence, the rate of temperature change is 



dTg 
dt 



(l000kg/m 3 j4217 J/kg-K(0.015 m) 



+5.67 xlO" 8 W/m 2 -K 4 



8.31 W/m 2 -K(5 K) 



273 4 + 235 4 



-268 



K 



Continued 
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PROBLEM 12.120 (Cont.) 



dig 
dt 



= 9.49 x 10" 3 K • m z / J [41 .55 - 48.56] W / m z = -6.66 x 10" 4 K / s 



and since dT g /dt < 0, the grape will freeze. 
(c) For V = 1 m/s, 

VD lm/s(0.015m) 
Re D = — = 1 > =1112. 

v 13.49xl0" b m 2 /s 

1/4 

Hence with (|i/|i s ) = 1 , 

Nu D =2 + (o.4ReJ ) /2 + 0.06Rep 3 )pr 0 " 4 =19.3 

h = Nu„ A = 21.8^^ = 31 W/m 2 -K. 



'D 



D 



0.015 



Hence the rate of temperature change with time is 



dT, 



dt 



^ = 9.49xlO _5 K-m 2 /J 



31 W/m 2 -K(5 K)-48.56 W/m 2 



= -0.016 K/s 



and since dTJdt < 0 and dT„ /dt > dT„ /dt , the grape will freeze sooner than in part (b). < 

& I s lc I B lb 

COMMENTS: With Gr D = Ra D /Pr = 3325 and Gr D /Re^ = 0.0027, the assumption of negligible 
buoyancy for V = 1 m/s is reasonable. 
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PROBLEM 12.121 



KNOWN: Metal disk exposed to environmental conditions and placed in good contact with the earth. 

FIND: (a) Fraction of direct solar irradiation absorbed, (b) Emissivity of the disk, (c) Average free 
convection coefficient of the disk upper surface, (d) Steady-state temperature of the disk (confirm the 
value 340 K). 

SCHEMATIC: 




Quiescent arty 



Sky,T sky ^Z80K £ 



OS 



Disk, D=a4 m-^ £j^^t^^=^ 




az 



£arth(soil), T ea =2.80K 
k=0.S2W/m-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Disk is diffuse, (3) Disk is isothermal, (4) 
Negligible contact resistance between disk and earth, (5) Solar irradiance has spectral distribution of 

E x , b 5800 K). 

PROPERTIES: Table A-4, Air (1 atm, T f = (T s + TJ/2 = (340 + 300) K/2 = 320 K): v = 17.90 x 
10" 6 m 2 /s, k = 0.0278 W/m-K, a = 25.5 x 10" 6 rn7s, Pr = 0.704. 

ANALYSIS: (a) The solar absorptivity follows from Eq. 12.44 with Gx,s a E^ b (k, 5800 K), and 
= ex, since the disk surface is diffuse. 

a s =£a A E^ h (A, 5800 K)/E b (5800 K) 

"S = ^l F (0^1//m) f (0^1//m) ) • 

From Table 12.1 with 

AT -I jum x 5800 K = 5800 jum ■ K find F^q^^t) = °- 720 

giving 

a s = 0.9 x 0.720 + 0.2(1- 0.720) = 0.704. < 
Note this value is appropriate for diffuse or direct solar irradiation since the surface is diffuse. 

(b) The emissivity of the disk depends upon the surface temperature T s which we believe to be 340 K. 
(See part (d)). From Eq. 12.36, 

^ = Jo°^ E A,b(^ T s)/Eb( T s) 

e = ^lF(o^ 1//m ) + £ 2 (l - F( 0 ^i^m) ) 



Continued 
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PROBLEM 12.121 (Cont.) 

From Table 12.1 with 

AT = 1 jum x 340 K = 340 jum ■ K find I^q^t) = 0.000 

giving 

^ = 0.9x0.000 + 0.2(1-0.000) = 0.20. < 

(c) The disk is a hot surface facing upwards for which the free convection correlation of Eq. 9.30 is 
appropriate. Evaluating properties at Tf = (T s + Too)/2 = 320 K, 

Ra L =g/?ATL 3 /ra where L = A s /P = D/4 
Ra L =9.8 m/s 2 (l/320 k)(340-300)k(0.4 m/4) 3 /17.90x 1(T 6 m Is x 25.5 x 1(T 6 m Is = 2.684x 10 6 



Nu L =hL/k = 0.54Ra L 



1/4 



10 4 <Ra L <10 7 



1/4 



h = 0.0278 W / m • K / (0.4 m / 4) x 0.54 3.042 x 10° = 6.07 W/m K 



(d) To determine the steady-state temperature, perform 
an energy balance on the disk. 



ocGw 




^in F ou t - E st 



(«S G s,d +«G sky -sE h -q conv )A s -q cond =0. 

Since G s k y is predominately long wavelength radiation, 
it follows that a = s. The conduction heat rate between 
the disk and the earth is 

qcond = kS(T s -T ea ) = k(2D)(T s -T ea ) 

where S, the conduction shape factor, is that of an isothermal disk on a semi-infinite medium, Table 

2 

4.1. Substituting numerical values, with As = TtD I A, 
0.704x745 W/m 2 +0.20cj(280 K) 4 -0.20cjT s 4 

-6.07 W/m 2 -K(T S -300 K) ^(0.4 m) 2 /4-0.52 W/m-K(2x0.4 m)(T s -280 K) = 0 

65.908 W + 8.759 W - 1 .425 x 10" 9 T S 4 - 0.763 (T s - 300) - 0.416 (T s - 280) = 0. 
By trial-and-error, find 

T s * 340 K. < 

so indeed the assumed value of 340 K was proper. 

COMMENTS: Note why it is not necessary for this situation to distinguish between direct and 
diffuse irradiation. Why does a s k y = s? 
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PROBLEM 12.122 



KNOWN: Shed roof of weathered galvanized sheet metal exposed to solar insolation on a cool, clear 
spring day with ambient air at - 10°C and convection coefficient estimated by the empirical correlation 

h = 1.0 AT (W/m -K with temperature units of kelvins). 

FIND: Temperature of the roof, T s , (a) assuming the backside is well insulated, and (b) assuming the 
backside is exposed to ambient air with the same convection coefficient relation and experiences 
radiation exchange with the ground, also at the ambient air temperature. Comment on whether the 
roof will be a comfortable place for the neighborhood cat to snooze for these conditions. 

SCHEMATIC: 




-T sky = -40°C 

G s = 600 W/m 2 

, — T s , sheet metal 

J_ 8 = 0.65 

a s = 0.8 



G S 



Tsky 

T s , s, a s 



^Ta^ /— T grd - T m 



<b) 



r 



ASSUMPTIONS: (1) Steady-state conditions, (2) The roof surface is diffuse, spectrally selective, (3) 
Sheet metal is thin with negligible thermal resistance, and (3) Roof is a small object compared to the 
large isothermal surroundings represented by the sky and the ground. 

ANALYSIS: (a) For the backside-insulated condition, the energy balance, represented schematically 
below, is 

^out ~~ u 

«sky E b( T sky) + «S G S-qcv-^ E b( T s) = 0 

«skyO" T s 4 ky + «S G S " L0 ( T s " Too) 473 - sdls = 0 
With a sky =s (see Comment 2) and a = 5.67 x 10" 8 W/ m 2 • K 4 , find T s . 
0.65 a(233 K) 4 W / m 2 + 0.8 x 600 W/m 2 - 1.0(T S - 283 K) 4/3 W/m 2 - 0.65 alf = 0 

T s =328.2 K = 55.2°C < 



eE b (T s ) a sky E b (T sky ) Q eE b (T s ) a sky E b (T sky ) Q 

J < 

y /m^mm^m^^ v ' --- — - — --- 

Energy balances: backside condition- °1cv r r \ 

(a) insulated, (b) exposed to air/ground £E b (T s ) a gr dE b (T grd ) 



Continued 
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PROBLEM 12.122 (Cont.) 



(b) With the backside exposed to convection with the ambient air and radiation exchange with the 
ground, the energy balance, represented schematically above, is 



«sky E b( T sky) + «grd E b( T grd) + «S G S ~2q£v "2^E b (T s ) = 0 



Substituting numerical values, recognizing that T gr( j 



Too, and a gr d = s (see Comment 2), find T s . 



0.65 a(233 K) 4 W7m 2 +0.65 a(283 K) 4 W7m 2 + 0.8x600 W/m 2 
-2 x 1.0 (T s - 283 K) 4/3 W / m 2 - 2 x 0.65 o"T s 4 = 0 



T s =308.9 K= 35.9°C 



< 



COMMENTS: (1) For the insulated-backside condition, the cat would find the roof too hot 
remembering that 43°C represents a safe-to-touch temperature. For the exposed-backside condition, 
the cat would find the roof comfortable, certainly compared to an area not exposed to the solar 
insolation (that is, exposed only to the ambient air through convection). 

(2) For this spectrally selective surface, the absorptivity for the sky irradiation is equal to the 
emissivity, a s k y = s, since the sky irradiation and surface emission have the same approximate spectral 
regions. The same reasoning applies for the absorptivity of the ground irradiation, a gr d = s. 
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PROBLEM 12.123 

KNOWN: Amplifier operating and environmental conditions. 

FIND: (a) Power generation when T s = 58°C with diffuse coating e = 0.5, (b) Diffuse coating from among 

three (A, B, C) which will give greatest reduction in T s , and (c) Surface temperature for the conditions with 
coating chosen in part (b). 

SCHEMATIC: 



h=15W/mz-K- 
Amplifier, % 



T sky =-Z0°C 

jGs=800W/m*- 
j — Z=S&°C,e-0.5 
A s =0.13x.0.13m 




1.0 



ASSUMPTIONS: (1) Environmental conditions remain the same with all surface coatings, (2) 
Coatings A, B, C are opaque, diffuse. 



ANALYSIS: (a) Performing an energy balance 
on the amplifier's exposed surface, 

E in " E out =°> find 



P e + A s [«S G S + «sky G sky - ^ E b " q C onv ] = 0 
P e = A s |^ctT s 4 + h (T s - ^ ) - «S G S " "sky^Tsky 



P e =0.13x0.13 m z 



0.5 x a (33 1) 4 + 15(331 - 300) - 0.5 x 800 - 0.5 x a (253)' 



W/m" 



P e = 0.0169m 2 [0.5x680.6 + 465 -0.5x800 -0.5x232.3] W/m 2 =4.887 W. < 

(b) From above, recognize that we seek a coating with low as and high e to decrease T s . Further, recognize that 

as is determined by values of a^ = for A, < 3 um and £ by values of sx for A, > 3 urn. Find approximate 
values as 

Coating ABC 
£ 0.5 0.3 0.6 

a s 0.8 0.3 0.2 

a s /£ 1.6 1 0.333 

Note also that a s ky « £. We conclude that coating C is likely to give the lowest T s since its as/fi is substantially 

lower than for B and C. While a s k y f° r C is twice that of B, because G s k y is nearly 25% that of Gs, we expect 

coating C to give the lowest T s . 

(c) With the values of as, a^y and s for coating C from part (b), rewrite the energy balance as 

P e / A s + « S G S + « sky crT 4 ky - e cxT 4 - h (T s - T^ ) = 0 

4.887 W/(0.13 m) 2 +0.2x800 W/m 2 +0.6x232.3 W/m 2 -0.6x cxT 4 -15(T S -300) = 0 

Using trial-and-error, find T s = 3 16.5 K = 43.5°C. < 
COMMENTS: (1) Using coatings A and B, find T s = 71 and 54°C, respectively. (2) For more precise values 
of as, a s k y and 8, use T s = 43.5°C. For example, at XT S = 3 x (43.5 + 273) = 950 um-K, F 0 -A.T = 0.000 while at 
^T S oiar = 3 x 5800 = 17,400 um-K, F 0 -XT * 0.98; we conclude little effect will be seen. 
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PROBLEM 12.124 

KNOWN: Opaque, spectrally-selective horizontal plate with electrical heater on backside is exposed 
to convection, solar irradiation and sky irradiation. 

FIND: Electrical power required to maintain plate at 60°C. 

SCHEMATIC: 




ASSUMPTIONS: (1) Plate is opaque, diffuse and uniform, (2) No heat lost out the backside of 
heater. 

ANALYSIS: From an energy balance on 
the plate-heater system, per unit area basis, 

^out u 

qelec+«S G S+« G sky 

-^ E b( T s)-q C onv=0 
where G^y = cT^y , Ej, = oT s 4 , and qc OIlv = n (T s - ) . The solar absorptivity is 

a s =\™a x G X £&Xl\™G X £&X = £a^ h (A, 5800 K)cU/ j^E^ (A, 5800 K)dA 
where G^,s ~ E^,b (K 5800 K). Noting that = 1 - px, 

«S = (1 - 0- 2 ) *(0-2 M m) + (1 " 0-7) (l - fy- 2/ /m) ) 

where at AT = 2 Lim x 5800 K = 11,600 um-K, find from Table 12.1, F (0 -vr) = 0.941, 
a s =0.80x0.941 + 0.3(1-0.941) = 0.771. 

The total, hemispherical emissivity is 

s = (1 - 0.2) F (0 _ 2//m) + (1 - 0.7) (l - F (0 _ 2//m) ) . 

At AT = 2 ixm x 333 K = 666 K, find F(o-XT) ~ 0.000; hence s = 0.30. The total, hemispherical 
absorptivity for sky irradiation is a = s = 0.30 since the surface is gray for this emission and 
irradiation process. Substituting numerical values, 

qelec = ^ T s 4 + h (T s - ^ ) - « s G s - «°" T s ky 
q elec =0.30xcj(333 K) 4 +10 W/m 2 -K(60-20)°C-0.771x600 W/m 2 -0.30 x cj(233 K) 4 

qeiec = 209.2 W / m 2 + 400.0 W / m 2 - 462.6 W / m 2 - 50. 1 W / m 2 = 96.5 W / m 2 . < 
COMMENTS: (1) Note carefully why a s k y = s for the sky irradiation. 
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PROBLEM 12.125 

KNOWN: Chord length and spectral emissivity of wing. Ambient air temperature, sky temperature and 
solar irradiation for ground and in-flight conditions. Flight speed. 

FIND: Temperature of top surface of wing for (a) ground and (b) in-flight conditions. 

SCHEMATIC: 





T sky = 270 or 235 K 

[Part a or b] o 
G S kv qconv E G s = 800 or 1100 W/nrr 

<*L> \ / / / [Parta ° rb] 

[Part a] t °d = 27 °C > \ / / / / Wing, T s 

u °° =0 > | — Y (a s , a sky , e) 

rp art h i T oo = -40°C AAAAA AAA aaa: 'AAAAA AAAAAAAA 

[Part b] u m = 200 m/s k— L c = 4 m — » 

ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from back of wing surface, (3) Diffuse 

surface behavior, (4) Negligible solar radiation for X > 3 //m (as = ax< 3 fjm = E X< 3 /an = 0-6), (5) 

Negligible sky radiation and surface emission for X < 3 /an (a s ^ y = ax > ^ um = £a>3 um = 0-3 = s), (6) 
Quiescent air for ground condition, (7) Air foil may be approximated as a flat plate, (8) Negligible 
viscous heating in boundary layer for in-flight condition, (9) The wing span W is much larger than the 

chord length L c , (10) In-flight transition Reynolds number is 5 x 10 5 . 

PROPERTIES: Part (a). Table A-4, air (T f * 325 K): v = 1.84 x 10" 5 m 2 /s, a = 2.62 x 10" 5 m 2 /s, k = 
0.0282 W/m-K, p = 0.00307. Part (b). Given: p = 0.470 kg/m 3 , p = 1.50 x 10" 5 N-s/m 2 , k = 0.021 
W/m-K, Pr = 0.72. 

ANALYSIS: For both ground and in-flight conditions, a surface energy balance yields 

«skyG s ky+«S G S = ^°" T s 4 + h(T s -T 00 ) (1) 
where cc s ^y = £ = 0.3 and a§ = 0.6. 

(a) For the ground condition, h may be evaluated from Eq. 9.30 or 9.31, where L = A s /P = L c x W/2 (L c 

3 

+ W) « L c /2 = 2m and RaL = g/J (T s - T^) L Iva. Using the IHT software to solve Eq. (1) and accounting 
for the effect of temperature-dependent properties, the surface temperature is 

T s =350.6 K = 77.6°C < 

10 — 2 

where RaL = 2.52 x 10 and h = 6.2 W/m -K. Heat transfer from the surface by emission and 

2 

convection is 257.0 and 313.6 W/m , respectively. 

(b) For the in-flight condition, Re L = paJ^J/u = 0.470 kg/m 3 x 200 m/s x 4m/1.50 x 10" 5 N-s/m 2 = 2.51 x 

7 

10 . For mixed, laminar/turbulent boundary layer conditions (Section 7.2.3 of text) and a transition 
Reynolds number of Re x c = 5x10. 

Nu L =|o.037ReL /5 -87ljpr 1/3 =26,800 

- k 0.021 W/m-Kx26,800 2 

h=— Nu T = = 141 W/m -K 

L 4m 

Substituting into Eq. (1), a trial-and-error solution yields 

T s = 237.7 K = -35.3°C < 

2 

Heat transfer from the surface by emission and convection is now 54.3 and 657.6 W/m , respectively. 

COMMENTS: The temperature of the wing is strongly influenced by the convection heat transfer 
coefficient, and the large coefficient associated with flight yields a surface temperature that is within 5°C 
of the air temperature. 
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PROBLEM 12.126 



KNOWN: Spectrally selective and gray surfaces in earth orbit are exposed to solar irradiation, Gs, in 
a direction 30° from the normal to the surfaces. 

FIND: Equilibrium temperature of each plate. 

SCHEMATIC: 



G s =1353W/ m * 




T sur --0K- 



Gray surface- oc^-0.95" 

Coating: oc ^=0.95 -For 

on^-O.OStor \>5/tm 



ASSUMPTIONS: (1) Plates are at uniform temperature, (2) Surroundings are at OK, (3) Steady-state 

conditions, (4) Solar irradiation has spectral distribution of Ex,b(K 5800K), (5) Back side of plate is 
insulated. 

ANALYSIS: Noting that the solar irradiation is directional (at 30° from the normal), the radiation 
balance has the form 

a s Gscos6>-<s-E b (T s ) = 0. (1) 
Using Eb (T s ) = cr T s 4 and solving for T s , find 

T s =[(tf S /^)(G s cos#/a)] 1/4 . (2) 

For the gray surface, as - £ - ax and the temperature is independent of the magnitude of the 
absorptivity. 



T s = 



f 2 n1/4 

0.95 1353 W/m 2 xcos 30° ] 

X 

v 0.95 5.67xl0" 8 W/m 2 -K 4 



= 379 K. 



For the selective surface, as = 0.95 since nearly all the solar spectral power is in the region X < 3|im. 
The value of 8 depends upon the surface temperature T s and would be determined by the relation. 

* = °- 95 F (0^T S ) + 0-05 [l - F (0 ^ Ts ) ] (3) 

where X = 3um and T s is as yet unknown. To find T s , a trial-and-error procedure as follows will be 
used: (1) assume a value of T s , (2) using Eq. (3), calculate 8 with the aid of Table 12.1 evaluating 
F(o-»vr) at AT S = 3(j,m-T s , (3) with this value of s, calculate T s from Eq. (2) and compare with assumed 
value of T s . The results of the iterations are: 



T S (K), assumed value 633 700 666 650 655 
s, fromEq. (3) 0.098 0.125 0.110 0.104 0.106 

T S (K), from Eq. (2) 656 629 650 659 656 

Hence, for the coating, T s « 656K. 

COMMENTS: Note the role of the ratio a s /s in determining the equilibrium temperature of an 
isolated plate exposed to solar irradiation in space. This is an important property of the surface in 
spacecraft thermal design and analysis. 
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PROBLEM 12.127 

KNOWN: Spectral distribution of coating on satellite surface. Irradiation from earth and sun. 

FIND: (a) Steady-state temperature of satellite on dark side of earth, (b) Steady-state temperature on 
bright side. 

SCHEMATIC: 



0.6 



f G £ =340W/m z 



PL 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surface behavior, (3) 
Spectral distributions of earth and solar emission may be approximated as those of blackbodies at 
280K and 5800K, respectively, (4) Satellite temperature is less than 500K. 

ANALYSIS: Performing an energy balance on the satellite, 



Ein E OU { 



= 0 



a E G E ^D 2 /4j + a s G s [xD 2 /4)-£<rT 4 (^D 2 j = 0 



T = 



« E G E +a s G s 
Asa 



1/4 



From Table 12.1, with 98% of radiation below 3um for XT = 17,400|im-K, 
= 0.6. 

With 98% of radiation above 3ixm for XT = 3um x 500K = 1500Lim-K, 

£-0.3 a E ~0.3. 
(a) On dark side, 



«E G E 
v 4s(7 J 



0.3x340W/m z 



1/4 



4x0.3x5.67xl0" 8 W/m 2 -K 4 



T s = 197 K. 

(b) On bright side, 



T = 



a E G E +a s G s 
Asa 



\l/4 



r 2 2 \l/4 

0.3x340 W/m z +0.6xl353W/m z ] 

4 x 0.3 x 5.67 x 10" 8 W / m 2 • K 4 



T s = 340K. 
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PROBLEM 12.128 

KNOWN: Radiative properties and operating conditions of a space radiator. 

FIND: Equilibrium temperature of the radiator. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible irradiation due to earth emission. 
ANALYSIS: From a surface energy balance, E-' n -Eg Ut = 0. 

qdis+«sG s -E = o. 

Hence 



T s = 



T s = 



qdis+«s G s 



S<T 



1500 W / m 2 + 0.5 x 1000 W/m 2 
0.95x5.67xl0" 8 W/m 2 -K 4 



\l/4 



or 



T s = 439K. 

COMMENTS: Passive thermal control of spacecraft is practiced by using surface coatings with 
desirable values of as and 8. 
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PROBLEM 12.129 

2 

KNOWN: Spherical satellite exposed to solar irradiation of 1353 m ; surface is to be coated with a 
checker pattern of evaporated aluminum film, (fraction, F) and white zinc-oxide paint (1 - F). 

FIND: The fraction F for the checker pattern required to maintain the satellite at 300 K. 

SCHEMATIC: 

G s , abs A pj ^ 53W/m2 

/- Al film, F, e f = 0.03, a s , f = 0.09 

^> if 

HP— Paint, (1-F),s p = 0.85, a s , p = 0.22 

ASSUMPTIONS: (1) Steady-state conditions, (2) Satellite is isothermal, and (3) No internal power 
dissipation. 

ANALYSIS: Perform an energy balance on the satellite, as illustrated in the schematic, identifying 
absorbed solar irradiation on the projected area, A p , and emission from the spherical area A s . 

Fin — E OU ( = o 

(F-a s ,f +(1-F).«s,p) G S A p -(F-* f +(l-F)-s p ) E b (T s ) A s = 0 

where A p = xD 2 I A, A s = ^D 2 , E b = oT 4 and a = 5.67 x 1(T 8 W/ m 2 • K 4 . Substituting 
numerical values, find F. 

(F x 0.09 + (1 - F) x 0.22) x 1353 W / m 2 x (l / 4) 

-(Fx 0.03 + (1 - F) x 0.85)o-(300 K) 4 x 1 = 0 

F = 0.95 < 

COMMENTS: (1) If the thermal control engineer desired to maintain the spacecraft at 325 K, would 
the fraction F (aluminum film) be increased or decreased? Verify your opinion with a calculation. 

2 

(2) If the internal power dissipation per unit surface area is 150 W/m , what fraction F will maintain 
the satellite at 300 K? 
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PROBLEM 12.130 



KNOWN: Inner and outer radii, spectral reflectivity, and thickness of an annular fin. Base temperature 
and solar irradiation. 

FIND: (a) Rate of heat dissipation if r| f = 1, (b) Differential equation governing radial temperature 
distribution in fin if rj f < 1. 



SCHEMATIC: 



G s = 0 or 1 000 W/m 2 



0.8 



T b = 400 K 



Qr+dr 




Pa 



0.1 - 



X (nm) 



r 0 = 0.5 m 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction, (3) Adiabatic tip and bottom 
surface, (4) Opaque, diffuse surface (a^ = 1- p^, s^- a^). 

ANALYSIS: (a) If % = 1, T(r) = T b = 400 K across the entire fin and 

q f = [fE b (T b )-a s G s ];n£ 
With XT = 2 ixm x 5800 K = 1 1,600 um-K, F (0 ^2nm) - 0.941. Hence as - ai F(o->2//m) + 



a 2 



1-F, 



(0-»2//m) 



= 0.2 x 0.941 + 0.9 x 0.059 = 0.241. With XT — 2 [im x 400 K = 800 Lim-K, 
F(0->2//m) = 0 and s = 0-9. Hence, for G s - 0, 

q f = 0.9 x 5.67 xlO~ 8 w/m 2 K 4 (400 K) 4 ;r (0.5 m) 2 =1026 W 
and for G s = 1000 W/m 2 , 

q f = 1026 W - 0.24l|l000 w/ m 2 J n (0.5 m) 2 = (1026 - 189) W = 837 W 

(b) Performing an energy balance on a differential element extending from r to r+dr, we obtain 
q r + «sGs (2OTdr ) - q r+( i 1 - - E (2;zrdr ) = 0 

where 

q r = -k (dT/ dr ) 2^rt and Qr+dr = It + (^Ir /dr ) dr . 

Hence, 

a s G s (2OTdr) - d [-k (dT/dr) 2^rt] dr - E(2;rrdr) = 0 



< 
< 



2;ntk- 



d 2 T 



dT 



+ 2fttk — + «sGs 2nx - TL2nx = 0 
dr 



kt 



dr 

f 2 

' d z T 1 dT 



dr 2 r dr 



+ «sGs - saT = 0 



COMMENTS: The radiator should be constructed of a light weight, high thermal conductivity material 
(aluminum). 
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PROBLEM 12.131 



KNOWN: Rectangular plate, with prescribed geometry and thermal properties, for use as a radiator in 
a spacecraft application. Radiator exposed to solar radiation on upper surface, and to deep space on 
both surfaces. 

FIND: Using a computer-based, finite-difference method with a space increment of 0. 1 m, find the tip 
temperature, Tl, and rate of heat rejection, qf, when the base temperature is maintained at 80°C for the 
cases: (a) when exposed to the sun, (b) on the dark side of the earth, not exposed to the sun; and (c) 
when the thermal conductivity is extremely large. Compare the case (c) results with those obtained 
from a hand calculation assuming the radiator is at a uniform temperature. 

SCHEMATIC: 



1 353 W/m 2 



T b = 80°C 



1 



u 



Tsur = 4 K 

Plate, W = 6 m 

e = 0.90, a s = 0.45 
k = 300 W/m-K 



t = 12 mm 



1 m 




ASSUMPTIONS: (1) Steady-state conditions, (b) Plate -radiator behaves as an extended surface with 
one-dimensional conduction, and (c) Radiating tip condition. 

ANALYSIS: The finite-difference network with 10 nodes and a space increment Ax = 0.1 m is shown 
in the schematic below. The finite-difference equations (FDEs) are derived for an interior node (nodes 
01 - 09) and the tip node (10). The energy balances are represented also in the schematic below where 

q a and q u represent conduction heat rates, qs represents the absorbed solar radiation, and q ra( j 
represents the radiation exchange with outer space. 



TOO = T b 



T10 = T|_ 



qs + 



oo 
-+- • 



02 



09 



10 



03 



04 



' — > 



Ax = 0.1m t = 12 mm 



L= 1 m 



A c = Wxt 
P = 2W 

qf~ 



05 
_• 

qb 



^qs 



qrad 



qsj 



00 



01 

"qb 



09 

• _ 

q a 



10 



qrad,1 



Finite-difference network, energy balances 



qrad 



qrad, 2 1 



Interior node 04 



0 



Mn ^out 

q a +qb+qs + qrad =o 

kAc (To3-To 4 )/Ax + kA c (T 05 -To 4 )/Ax 



+a s G s (P / 2) Ax + ^rPAxcr (t s 4 U] - - T 4 4 ) = 0 



where P = 2W and A c = W-t. 



Tip node 10 

q a +qs+qrad,l+qrad,2 =0 

kA c (T 09 -T 10 )/Ax + a s G s (P/2) (Ax/ 2) 

+sA c a (T s 4 ur - T 4 0 ) + sP{ Ax / 2)a(T s 4 ur - ) = 0 



Continued 
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PROBLEM 12.131 (Cont.) 

Heat rejection, qf. From an energy balance on the base node 00, 

qf +qoi + qs+qrad =o 

q f + kA c (T 0 i - T 00 ) / Ax + «sG S (P / 2) (Ax / 2) 



+ ^P(Ax/2)a(T s 4 ur -T 0 4 0 ) = 0 



The foregoing nodal equations and the heat rate expression were entered into the IHT workspace to 
obtain solutions for the three cases. See Comment 2 for the IHT code, and Comment 1 for code 
validation remarks. 



Case 


k(W/m-K) 


G s (W/m 2 ) 


T L (°C) 


qKW) 


a 


300 


1353 


30.5 


2766 


b 


300 


0 


-7.6 


4660 


c 


1 x 10 10 


0 


80.0 


9557 



< 
< 



COMMENTS: (1) Case (c) using the IHT code with k = 1 x 10 10 W/m-K corresponds to the 

condition of the plate at the uniform temperature of the base; that is T(x) = T^. For this condition, the 
heat rejection from the upper and lower surfaces and the tip area can be calculated as 

qf,u=^K-T s 4 ur )[P-L + A c ] 

q f>u =0.65 a (80 + 273) 4 -4 4 W/m 2 [l2 + 6x0.012]m 2 
q f)U = 9565 W/m 2 

Note that the heat rejection rate for the uniform plate is in excellent agreement with the result of the 
FDE analysis when the thermal conductivity is made extremely large. We have confidence that the 
code is properly handling the conduction and radiation processes; but, we have not exercised the 
portion of the code dealing with the absorbed irradiation. What analytical solution/model could you 
use to validate this portion of the code? 

(2) Selection portions are shown below of the IHT code with the 10-nodal FDEs for the temperature 
distribution and the heat rejection rate. 

// Finite-difference equations 
// Interior nodes, 01 to 09 

k * Ac * (TOO - T01 ) / deltax + k * Ac * (T02 - T01 ) / deltax + absS * GS * P/2 * deltax + eps * P * 
deltax * sigma * (TsurM - T01M) = 0 



k * Ac * (T03 - T04) / deltax + k * Ac * (T05 - T04) / deltax + absS * GS * P/2 * deltax + eps * P * 
deltax * sigma * (TsurM - T04M) = 0 



k * Ac * (T08 - T09) / deltax + k * Ac * (T1 0 - T09) / deltax + absS * GS * P/2 * deltax + eps * P * 
deltax * sigma * (TsurM - T09M) = 0 

//Tip node 10 

k* Ac * (T09 - T1 0) / deltax + absS * GS * P/2 * (deltax / 2) + eps * P * (deltax / 2) * sigma * 
(TsurM - T10M) - eps * Ac * sigma * (TsurM - T00M) = 0 

// Rejection heat rate, energy balance on base node 

qf + k * Ac * (T01 - TOO) / deltax + absS * GS * (P/4) * (deltax 12) + eps * (P * deltax 12) * 
sigma * (TsurM - T00M) = 0 



Continued 
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PROBLEM 12.131 (Cont.) 



(3) To determine the validity of the one-dimensional, extended surface analysis, calculate the Biot 
number estimating the linearized radiation coefficient based upon the uniform plate condition, Tb = 
80°C. 

Bi = h rad (t/2)/k 

hrad = «<T b + T sur ) (T b 2 + T s 2 ur ) * = 2.25 W / m 2 • K 

Bi = 2.25 W/m 2 -K(0.012m/2)/300 W/m-K = 4.5xl0" 5 
Since Bi « 0.1, the assumption of one-dimensional conduction is appropriate. 
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PROBLEM 12.132 

KNOWN: Directional absorptivity of a plate exposed to solar radiation on one side. 

FIND: (a) Ratio of normal absorptivity to hemispherical emissivity, (b) Equilibrium temperature of 
plate at 0° and 75° orientation relative to sun's rays. 

SCHEMATIC: 



Q-=0°or7S' 





ASSUMPTIONS: (1) Surface is gray, (2) Properties are independent of 

ANALYSIS: (a) From the prescribed ae (0), a n = 0.9. Since the surface is gray, se = 0,9. Hence 
from Eq. 12.34, which applies for total as well as spectral properties. 



= 2 io se 



cos6>sin6>d6> = 2 



0.9 



sin 2 6> 



40.1^ 



0 



nil 



7t/3 



s = 2[0.9(0.375) + 0.l(0.5-0.375)] = 0.70. 



Hence 



0 9 =1.286. 



s 0.7 

(b) Performing an energy balance on the plate, 
ccq q£ cos 0 - 2 s <j T s 4 = 0 



or 



2sa 



1/4 



Hence for 0 = 0°, a 0 = 0.9 and cosO = 1, 



0.9 



-xl353 



.2x0.7x5.67x10"° 
For 6 = 75°, ae = 0.1 and cosO = 0.259 

0.1 



1/4 



= 352K. 



2x0.7x5.67x10" 



xl353x0.259 



1/4 



= 145K. 



COMMENTS: Since the surface is not diffuse, its absorptivity depends on the directional 
distribution of the incident radiation. 
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PROBLEM 12.133 

KNOWN: Transmissivity of cover plate and spectral absorptivity of absorber plate for a solar 
collector. 

FIND: Absorption rate for prescribed solar flux and preferred absorber plate coating. 
SCHEMATIC: 



T--0.76 



rCoafing A rCoahng B 

x~ 

-z — + — *H 



ASSUMPTIONS: (1) Solar irradiation of absorber plate retains spectral distribution of blackbody at 
5800K, (2) Coatings are diffuse. 

ANALYSIS: At the absorber plate we wish to maximize solar radiation absorption and minimize 
losses due to emission. The solar radiation is concentrated in the spectral region X < 4um, and for a 
representative plate temperature of T < 350K, emission from the plate is concentrated in the spectral 
region X > 4um. Hence, 

Coating A is vastly superior. < 

With G x ,s ~ %b (5800K), it follows from Eq. 12.45 
a A «0.85 F( 0 _ 4//m ) +0.05 ^ 4//m _oo). 

From Table 12.1, XT = 4[im x 5800K = 23,200Lxm-K, 
F (0-4/mi)* 0 - 99 - 

Hence 

a A = 0.85(0.99) + 0.05(1-0.99) « 0.85. 
With G s = 1000 W/m 2 and x = 0.84 (Ex. 12.8), the absorbed solar flux is 



G S,abs =«a(^ g s) = °- 85 ( 0 - 84x1000 W/m 2 j 



G S ,abs=714W/m 2 . < 

COMMENTS: Since the absorber plate emits in the infrared (X > 4um), its emissivity is sa ~ 0.05. 
Hence (a/e)A = 17. A large value of a/s is desirable for solar absorbers. 
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PROBLEM 12.134 



KNOWN: Irradiation of satellite from earth and sun. Two emissivities associated with the 
satellite. 

FIND: (a) Steady-state satellite temperature when satellite is on bright side of earth for a^Ja & > 1 
and Oe/oCs < 1, (b) Steady-state satellite temperature when satellite is on dark side of earth for 
«e/« s > 1 and «e/« s < 1, (c) Scheme to minimize temperature variations of the satellite. 



SCHEMATIC: 




G F = 340 W/m 2 




■* 

■4 

■4- 

<- 

•4 

■4t- 

■4 

•4 



G, = 1353 W/m 2 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse gray behavior. 
ANALYSIS: Performing an energy balance on the satellite, it follows that E m — E out or 



a E G E (?rD 2 I A) + a s G s (uD 2 1 A) - s E aT 4 t (7rD 2 12) - s s aT 4 at (7rD 2 12) = 0 



or 



q E G E + a s G s 
2(£ E + e s )a 



1/4 



(a) Bright Side of Earth (G s = 1353 W/m -). 
For an = 8e = a2 = 0.3, a s = s s = ai = 0.6 , 



T = 



0.3 x 340W/m 2 + 0.6 x 1353W/m 2 
2 x (0.3 + 0.6) x 5.67 x 10~ 8 W /m 2 • K 4 



1/4 



= 308K 



For a,E = Se = ai = 0.6, a s = s s = a2 = 0.3 , 



T = 

1 sat 



0.6x340W/m 2 + 0.3xl353W/m 2 
2 x (0.6 + 0.3) x 5.67 x 10~ 8 W /m 2 • K 4 



1/4 



= 278K 



(b) Dark Side of Earth (G , = 0 W/m -). 



For as = Se = ai = 0.6, a s = s s = a2 = 0.3, 



Continued.. 
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PROBLEM 12.134 (Cont.) 



0.6x340W/m J 



il/4 



L sat 



2 x (0.6 + 0.3) x 5.67 x 10~ 8 W / m 2 • K 4 



211K 



For a E = s E = a,2 = 0.3, a s = s s = ai = 0.6 , 

0.3x340W/m 2 



*-sat 



2x(0.3 + 0.6)x5.67xl0~ 8 W/m 2 -K 4 



1/4 



178K 



(c) To minimize the temperature variations of the satellite, we would have the high emissivity 
coating always facing earth. 

COMMENTS: If the entire satellite were covered with either coating, the temperatures on the 
bright and dark sides of earth would be T s = 294 K and 197 K, respectively. Use of the two 
emissivity coatings reduces temperature variations from 294 K - 197 K = 97 K to 278 K - 211 K 
= 67K. " 
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PROBLEM 12.135 

KNOWN: Space capsule fired from earth orbit platform in direction of sun. 

FIND: (a) Differential equation predicting capsule temperature as a function of time, (b) Position of 
capsule relative to sun when it reaches its destruction temperature. 



SCHEMATIC: 



y-T(OhT,=ZO°C 

' fctSm— ^T~\£r- Capsule. , , 

PS- J joS^xlo'J/ms K 

r -<H — „ 
r e =l.SxlO m 

G se =13S3W/m* 




Sun 




ASSUMPTIONS: (1) Capsule behaves as lumped capacitance system, (2) Capsule surface is black, 
(3) Temperature of surroundings approximates absolute zero, (4) Capsule velocity is constant. 

ANALYSIS: (a) To find the temperature as a function of time, perform an energy balance on the 
capsule considering absorbed solar irradiation and emission, 

Ein-E 0 ut = E s t G s -^R 2 -o-T 4 -4^-R 2 = pc(4/3)^R 3 (dT/dt). (1) 

2 2 
Note the use of the projected capsule area (nR ) and the surface area (4nR ). The solar irradiation will 



increase with decreasing radius (distance toward the sun) as 

Gs(r) = Gs,e(re/r) 2 =Gs,e(r e /(re-Vt)) 2 =Gs,e(l/(l-Vt/r e )) 2 
where r e is the distance of earth orbit from the sun and r = r e - Vt. Hence, Eq. (1) becomes 



(2) 



dT 



dt pcR 



G S,e 



4(l-Vt/r e )^ 



-<tT 



The rate of temperature change is 



dT 
dt 



(4xl0 6 J/m 3 -Kxl.5m 



1353 W/m" 



— = 1.691xl0~ 4 |l-l. 067x10 
dt 



4(l-16xl0 3 m/sxt/1.5xl0 11 m^ 

- 7 ')" 



■ctT 



v-2 



2.835xl0~ 14 T 4 



where T[K] and t(s). For the initial condition, t = 0, with T = 20°C = 293K, 



dT 
dt 



(0) = -3.984 xl0~ 5 K7s 



That is, the capsule will cool for a period of time and then begin to heat. 

(b) The differential equation cannot be explicitly solved for temperature as a function of time. Using a 
numerical method with a time increment of At - 5 x 10 s, find 



T(t) = 150°C = 423 K 



at 



t« 5.5x10° s. 



3 6 

Note that in this period of time the capsule traveled (r e - r) = Vt = 16 x 10 m/s x 5.5 x 10 = 1.472 x 
10 10 m. That is, r = 1.353 x 10 U m. 
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PROBLEM 12.136 



KNOWN: Irradiation from the sun and earth on a spherical satellite. Spectral absorptivities of 
the satellite surface below and above a cutoff wavelength. 

FIND: (a) Cutoff wavelength to minimize satellite temperature on bright side of earth, 
corresponding satellite temperature on dark side of earth, (b) Cutoff wavelength to maximize 
satellite temperature on dark side of earth, corresponding satellite temperature on bright side of 
earth. 



SCHEMATIC: 



G E = 340 W/m 2 




■4 

■*- 
•* 



G q = 1353 W/m 2 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse satellite surface. 
ANALYSIS: Performing an energy balance on the satellite, it follows that E m — E ou j or 



a E G E (rtD 2 1 A) + a s G s (7rD 2 14) - saT s 4 (rtD 2 ) = 0 



or 



T.= 



a E G E + a s G s 
4ea 



1/4 



(1) 



(a) Bright Side of Earth, Minimize TV 

For earth irradiation being approximated as that of a blackbody at 280 K, 



a E _ a ^,lP(0-X, c -280K) + 



a ^,2[l P(0-X 0 -280K)] 



For solar irradiation being approximated as that of a blackbody at 5800K, 

C,. = (Xi i F/n i .«nni^ + CX-i oil F- ( 



'■•> ~ (0-/., OHIXIK) ~ r a Xa \} ^(0-X c -5800K)] 



The satellite emissivity is, with &x = a^, s = T ) + 2 [l _ F(o-x t ) ] 



(2) 

(3) 
(4) 



Equations 1 through 4 may be solved using various X c yielding a minimum satellite temperature 

of T s = 294 K for^O or oo. < 

Continued.. 
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PROBLEM 12.136 (Cont.) 



(a) Dark Side of Earth, Maximize TV 

For the satellite on the dark side of earth with a spectrally-selective coating, Equation 1 becomes 

nl/4 



«E G E 

4ea 



(5) 



Equations 2 through 5 may be solved using various A, c , yielding a maximum satellite temperature 

of T s = 205 K at X c = 13.57 urn. < 
The corresponding values of a E , a s and s are 0.4330, 0.5999 and 0.3672, respectively. 

When the satellite is on the bright side with ^ c = 13.57 u.m, the satellite temperature may be found 
by solving Equations 1 through 4 yielding a temperature of T s = 310.4 K. The corresponding 

values of o,e, a s and s are 0.4330, 0.5999 and 0.4554, respectively. <C 



COMMENT: In part (a) of the problem the satellite temperature is very sensitive to the cutoff 
wavelength of ^ c = 0 when the satellite is on the bright side of earth. This is because of the 
presence of a significant amount of solar irradiation at relatively short wavelengths. 



Bright Side Satellite Temperature 



Dark Side Satellite Temperature 





Cutoff Wavelength (micron) 



Cutoff Wavelength (micron) 



For part (b) of the problem, the dark side satellite temperature is relatively insensitive to the 
cutoff wavelength because of the similar spectral distributions of the earth irradiation and the 
satellite emission. In contrast, however, the temperature of the satellite on the bright side of earth 
is much more sensitive to the cutoff wavelength because of the presence of significant irradiation 
from the sun at short wavelengths. 



Dark Side Satellite Temperature 



Bright Side Satellite Temperature 



12 13 14 15 

Cutoff Wavelength (micron) 




13 14 15 

Cutoff Wavelength (micron) 
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PROBLEM 12.137 



KNOWN: Solar panel mounted on a spacecraft of area 1 m having a solar-to-electrical power 
conversion efficiency of 12% with specified radiative properties. 

FIND: (a) Steady-state temperature of the solar panel and electrical power produced with solar 

2 

irradiation of 1500 W/m , (b) Steady-state temperature if the panel were a thin plate (no solar cells) 
with the same radiative properties and for the same prescribed conditions, and (c) Temperature of the 
solar panel 1500 s after the spacecraft is eclipsed by the earth; thermal capacity of the panel per unit 

area is 9000 J/m 2 K. 
SCHEMATIC: 



Solar panel, T, A p = 1 m 2 , 
thermal capacity, 9000 J/m 2 -K 



G s = 1500 W/m 2 




Array, e a = 0.8, a s , a = 0.8 
conversion efficiency, e = 12% 



Backside, 8b = 0.7 



ASSUMPTIONS: (1) Solar panel and thin plate are isothermal, (2) Solar irradiation is normal to the 
panel upper surface, and (3) Panel has unobstructed view of deep space at 0 K. 

ANALYSIS: (a) The energy balance on the solar panel is represented in the schematic below and has 
the form 



Ein E out — 0 



«S G S • A p " (*a + £ b ) E b ( T sp ) • A p " P elec = 0 

Jb (T) = aT 4 , a = 5.6' 
P elec =e-G s A p 

p elec =0.12xl50C 
Substituting numerical values into Eq. (1), find 



4 -8 2 4 

where Eb (T) = aT , a = 5.67 x 10 W/m -K , and the electrical power produced is 



p elec = 012 x 1500 W/ m 2 x 1 m 2 = 180 W 



(1) 

(2) 
< 



0.8 x 1 500 W / m 2 x 1 m 2 - (08 + 0.7)oT s 4 p x 1 m 2 - 1 80 W = 0 
T sp =330.9 K = 57.9°C 



sp 
Pelec 



EA p ^ | Gs.absAp 



elec 



= 0 



(a) Solar panel EA 



(b) Thin plate 



EAr 



\ 



(b) The energy balance for the thin plate shown in the schematic above follows from Eq. (1) with 
Pelec = 0 yielding 



0.8 x 1 500 W / m 2 x /m 2 - (08 + 0.7)oTp* x 1 m 2 = 0 



T p =344.7 K = 71.7°C 



(3) 
< 



Continued 
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PROBLEM 12.137 (Cont.) 



(c) Using the lumped capacitance method, the energy balance on the solar panel as illustrated in the 
schematic below has the form 

Ein ~~ E ou t = E st 

-{s a +s h ) aT s 4 p • A p = TC" • A p (4) 

where the thermal capacity per unit area is TC" = ^Mc / Ap j = 9000 J / • K. 

Eq. 5.18 provides the solution to this differential equation in terms of t = t (Tj, T sp ). Alternatively, use 
Eq. (4) in the IHT workspace (see Comment 4 below) to find 

T sp (l500s) = 242.6 K = -30.4° C < 
EA p ^ | G S = 0 




-st 



T sp (t), Ti = 57.9°C 
(Mc/A p ) = 9000 J/m 2 -K 



I \ Pelec - 
I 



EA p / 



(c) Transient energy balance 



COMMENTS: (1) For part (a), the energy balance could be written as 
Ej n — E out + Eg = 0 

where the energy generation term represents the conversion process from thermal energy to electrical 
energy. That is, 

E g =-e-G s A p 

(2) The steady-state temperature for the thin plate, part (b), is higher than for the solar panel, part (a). 
This is to be expected since, for the solar panel, some of the absorbed solar irradiation (thermal 
energy) is converted to electrical power. 

(3) To justify use of the lumped capacitance method for the transient analysis, we need to know the 
effective thermal conductivity or internal thermal resistance of the solar panel. 

(4) Selected portions of the IHT code using the Models Lumped I Capacitance tool to perform the 
transient analysis based upon Eq. (4) are shown below. 

// Energy balance, Model \ Lumped Capacitance 

I * Conservation of energy requirement on the control volume, CV. * / 
Edotin - Edotout = Edotst 
Edotin = 0 

Edotout = Ap * (+q"rad) 

Edostat = rhovolcp * Ap * Der(T,t) 

// rhovolcp = rho * vol * cp // thermal capacitance per unit area, J/m A 2K 

// Radiation exchange between Cs and large surroundings 

q"rad = (eps_a + eps_b) * sigma * (T A 4 - TsurM) 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2K A 4 

// Initial condition 

// Ti = 57.93 + 273 = 330.9 // From part (a), steady-state condition 

T C = T - 273 
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PROBLEM 12.138 



KNOWN: Effective sky temperature and convection heat transfer coefficient associated with a thin 
layer of water. 

FIND: Lowest air temperature for which the water will not freeze (without and with evaporation). 
SCHEMATIC: 

T m > 

p =latm 



'sky ^ ^ 

^ \ q "^ fr rad 




h=ZSW/m z 'K --- =■ - — _— — ..— ~ ~ ~ ~t T o - 7 



ASSUMPTIONS: (1) Steady-state conditions, (2) Bottom of water is adiabatic, (3) Heat and mass 
transfer analogy is applicable, (4) Air is dry. 

PROPERTIES: Table A-4, Air (273 K, 1 atm): p = 1.287 kg/m 3 , c p = 1.01 kJ/kg-K, v = 13.49 x 
10" 6 m 2 /s, Pr = 0.72; Table A-6, Saturated vapor (T s = 273 K): p A = 4.8 x 10~ 3 kg/m 3 , h fg = 2502 
kJ/kg; Table A-8, Vapor-air (298 K): D A b * 0.36 x 10" 4 m 2 /s, Sc = v/D A b = 0.52. 

ANALYSIS: Without evaporation, the surface heat loss by radiation must be balanced by heat gain 
due to convection. An energy balance gives 



Qconv ~ Qrad 
At freezing, T s = 273 K. Hence 



or 



h( Too -T s ) = ^(T s 4 -T 4 ky ). 



Too=T s + 



^(T s 4 -T s l y ) 



273 K + - 



5.67x10 8 W/m 2 -K 4 



4 4 
274 4 - 243 



= 4.69°C. 



h v -/ 25W/m z '-K 

With evaporation, the surface energy balance is now 

qconv = qevap + ^md or h ( T oo " T s ) = h m [p A ,sat ( T s ) " PA,oo ] hfg + s s a |t s 4 - T 4 y J . 

Too = T s + ^ PA,sat (T s ) h fg + ?f (l 4 - T 4 y ) . 
Substituting from Eq. 6.60, with n « 0.33, 



h m /h = (p c P Le ° 61 ) = [/° c p (Sc/Pr) 0 ' 67 = 1.287 kg/m 3 x 1010 J/ kg- K (0.52/ 0.72) 067 J =9.57 



x 10 4 m 3 ■ K/J, 



^ =273 K + 9.57xl0" 4 m 3 -K/Jx4.8xl0" 3 kg/m 3 x2.5xl0 6 J/kg + 4.69 K = 16.2°C. < 

COMMENTS: The existence of clear, cold skies and dry air will allow water to freeze for ambient 
air temperatures well above 0°C (due to radiative and evaporative cooling effects, respectively). The 

lowest air temperature for which the water will not freeze increases with decreasing t^oo, decreasing 

T s |jy and decreasing h. 
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PROBLEM 12.139 

KNOWN: Temperature and environmental conditions associated with a shallow layer of water. 

FIND: Whether water temperature will increase or decrease with time. 

SCHEMATIC: 

G- s =600\N/m\ \ I f2'e V3p h-Z5W/ m *K ) T 00 =Z7°C, 0 m =a5 

_ m -A; =0-3. 

J £ st ~+ / W , 0fer/7^=27°C> /Z--0, 

_rtr^rr^rT^C e = 0.97 

)))>)>}}}))))))))))))}>))}}))})))})>>>}>>>}>}}))) 

ASSUMPTIONS: (1) Water layer is well mixed (uniform temperature), (2) All non-reflected 
radiation is absorbed by water, (3) Bottom is adiabatic, (4) Heat and mass transfer analogy is 
applicable, (5) Perfect gas behavior for water vapor. 

PROPERTIES: Table A-4, Air (T = 300 K, 1 atm): p a =1.161 kg/m 3 , c p , a = 1007 J/kg-K, Pr = 
0.707; Table A-6, Water (T = 300 K, 1 atm): p w = 997 kg/m 3 , c p , w = 4179 J/kg-K; Vapor (T = 300 K, 
1 atm): p A , sa t = 0.0256 kg/m 3 , h fg = 2.438 x 10 6 J/kg; Table A-8, Water vapor-air (T = 300 K, 1 atm): 
Dab ~ 0.26 x 10" 4 m 2 /s; with v a = 15.89 x 10" 6 m 2 /s from Table A-4, Sc = v a /D A B = 0.61. 

ANALYSIS: Performing an energy balance on a control volume about the water, 

Est =( G S,abs + G A,abs "E-qevap) A 



d (Av c p,w LAT w) 



(! " Ps ) G S + (! " PA ) G A " ^ T w " h m h fg (PA,sat " PA,oo ) 



dt 

or, with Too = T w , p A ,oo = (|>ocPA,sat and 
dT 

PwCp, w L = (1 - Ps ) G S + (1 " PA ) G A - ^ T w - h m h fg (l ~ ) PA,sat • 
From Eq. 6.60, with a value of n = 1/3, 

h h 25W/m 2 -K(0.707) 2/3 

h m = 7^ = T^ = " " — = 0.0236m/s. 

PaCp^Le 1 n /? a c p a (Sc/Pr) 1 n 1.161kg/m 3 xl007 J/kg- K(0.6l) 13 

Hence 

Pw c p,w L = (1- °- 3 ) 600 + (1 - 0) 300 - 0.97 x 5.67 x 10" 8 (300) 4 

-0.0236x 2.438 xlO 6 (1-0.5)0.0256 
p w c p?w L^^ = (420 + 300-445-736)W/m 2 =-461 W/m 2 . 

Hence the water will cool. < 

COMMENTS: (1) S ince T w — Too for the prescribed conditions, there is no convection of sensible 
energy. However, as the water cools, there will be convection heat transfer from the air. (2) If L = 
lm, (dT w /dt) = -461/(997 x 4179 x 1) = -1.11 x 10" 4 K/s. 
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PROBLEM 12.140 

KNOWN: Environmental conditions for a metal roof with and without a water film. 
FIND: Roof surface temperature (a) without the film, (b) with the film. 
SCHEMATIC: 




-T sky =-WC 
0CO-O.6S 



G s =700Wln 



T sky 



i -7- Metal roof -. 

-■ ^• m P 's 



<x s =0.S0,£-O.3 
Wa+er film: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse-gray surface behavior in the infrared (for 

the metal, a s k y = 8 = 0.3; for the water, a s k y = £ = 0.9), (3) Adiabatic roof bottom, (4) Perfect gas 
behavior for vapor. 

PROPERTIES: Table A-4, Air (T * 300 K): p = 1.16 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10" 6 m 2 /s; 
Table A-6, Water vapor (T * 303 K): v g = 32.4 m 3 /kg or p A , sa t = 0.031 kg/m 3 ; Table A-8, Water 
vapor-air (T = 298 K): D A b = 0.26 x 10" 4 m 2 /s. 

ANALYSIS: (a) From an energy balance on the metal roof 
a s G s + «sky G sky = E + qconv 

0.5 ^700 W / m 2 J + 0.3 x 5.67 x 10" 8 W / m 2 • K 4 (263 K) 4 

= 0.3x5.67xl0" 8 W/m 2 -K 4 (T 4 ) + 20 W/m 2 -K(T s -303 K) 

431 W/m 2 =1.70xlO" 8 T 4 + 20(T s -303). < 

From a trial-and-error solution, T s = 316.1 K = 43.1°C. 

(b) From an energy balance on the water film, 
a s G s + « sky G sky = E + qc 0nv + qg vap 

0.8 ^700 W / m 2 ) + 0.9 x 5.67 x 10" 8 W / m 2 • K 4 (263 K) 4 = 0.9 x 5.67 x 10" 8 W / m 2 • K 4 (t 4 j 

+20 W / m 2 • K (T s - 303) + h m | /? A sat (T s ) - 0.65 x 0.03 1 kg / m 3 J h fg . 
From Eq. 6.60, assuming n = 0.33, 

h h 
m " j 0.67 " 
/?CpLe 



20 W / m • K 



= 0.019 m/s. 



( /n ^ a67 ^ / -4 _ 4 \ 0 - 67 

pc v yaiu AB ) 1.16 kg/m xl007 J/kg • Kl 0.225 x 10 /0.260xl0 I 

804 W / m 2 = 5. 10 x 10" 8 T s 4 + 20 (T s - 303) + 0.019 [ p A ,sat ( T s ) " °- 020 ] h fg- 

From a trial-and-error solution, obtaining pA,sat (T s ) and hf g from Table A-6 for each assumed value of 
T s , it follows that 

T s = 302.2 K = 29.2°C. < 

COMMENTS: (1) The film is an effective coolant, reducing T s by 13.9°C. (2) With the film E * 425 
W/m 2 , qc 0nv * -16 W/m 2 and q ; vap * 428 W/m 2 . 
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PROBLEM 12.141 

KNOWN: Solar, sky and ground irradiation of a wet towel. Towel dimensions, emissivity and solar 
absorptivity. Temperature, relative humidity and convection heat transfer coefficient associated with 
air flow over the towel. 

FIND: Temperature of towel and evaporation rate. 
SCHEMATIC: 

G s = 900 W/m 2 
G sky = 200 W/m 2 * 



To, = 300 K 
h = 20 W/m 2 -K 

(1)03=0 



levap 
Qconv 



G g = 250 W/m 2 



y a s = 0.65, e = 0.96 
Towel \ L = 1 



.50 m, W = 0.75 m 



G sky = 200 W/m 2 



Qevap 
Qconv 



G g = 250 W/m 2 



ASSUMPTIONS: (1) Steady-state, (2) Diffuse-gray surface behavior of towel in the infrared (« s k y = 
« g = s = 0.96), (3) Perfect gas behavior for vapor. 

PROPERTIES: Table A-4, Air (T « 300 K): p= 1.16 kg/m 3 , c p = 1007 J/kg-K, « = 0.225 x 10" 4 
m 2 /s; Table A-6, Water vapor (Too = 300 K): p AM = 0.0256 kg/m 3 ; Table A-8, Water vapor/air (T = 
298 K): D AB = 0.26 x 10" 4 m 2 /s. 

ANALYSIS: From an energy balance on the towel, it follows that 
« S G S + 2« sky G sky + 2a g G g = 2E + 2q; vap + 2q 

conv 



0.65x900W/m 2 + 2x0.96x200 W/m 2 + 2x0.96x250 W/m 2 
= 2 x 0.96 oT 4 + 2n A h fg + 2h (T s - T^ ) 

where n A = h m [p A ,sat ( T s ) - P A ,sat ( T oo )] 

From the heat and mass transfer analogy, Eq. 6.60, with an assumed exponent of n = 1/3, 



(1) 



20 W/m -K 



'm 



2/3 

P°p( a/D AB) 1.16kg/m 3 (1007 J/kg-K) 



f 0.225 ^ 2 1 3 



0.260 



0.0189 m/s 



3 6 

From a trial-and-error solution, we find that for T s = 298 K, /?A,sat = 0.0226 kg/m , hf g = 2.442 x 10 
J/kg and n A = 1.380 x 10" 4 kg/s-m 2 . Substituting into Eq. (1), 

(585 + 384 + 480) W / m 2 = 2 x 0.96 x 5.67 x 10" 8 W / m 2 • K 4 (298 K) 4 

+2 x 1 .380 x 10" 4 kg / s • m 2 x 2.442 x 10 6 J / kg 

+2x20 W/m 2 -K(-2 K) 

1449 W / m 2 = (859 + 674 - 80) W / m 2 = 1453 W / m 2 
The equality is satisfied to a good approximation, in which case 
T s « 298 K = 25°C 

and n A =2A s nX =2(l.50x0.75)m 2 |l.38xl0 _4 kg/s-m 2 j = 3.11xl0" 4 kg/s 

COMMENTS: Note that the temperature of the air exceeds that of the towel, in which case 
convection heat transfer is to the towel. Reduction of the towel's temperature below that of the air is 
due to the evaporative cooling effect. 



< 
< 
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PROBLEM 12.142 

KNOWN: Wet paper towel experiencing forced convection heat and mass transfer and irradiation from 
radiant lamps. Prescribed convection parameters including wet and dry bulb temperature of the air 
stream, T wb and T^, average heat and mass transfer coefficients, h and h m . Towel temperature T s . 

FIND: (a) Vapor densities, p A s and p A iX) ; the evaporation rate n A (kg/s); and the net rate of radiation 
transfer to the towel q rad (W); and (b) Emissive power E, the irradiation G, and the radiosity J, using the 
results from part (a). 

SCHEMATIC: 

Radiant lamp 
irradiation, G 



r s = 310K,P As 
c = 0.96 

h = 28.7 W/m 2 -K / 

h m = 0.027 m/s / . ,,. WWer-|oakBd 

m /<■ v v v v v v v v v v v V towel, 92.5 x 92.5 mm 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from the bottom side of the towel, 
(3) Uniform irradiation on the towel, and (4) Water surface is diffuse, gray. 

PROPERTIES: Table A.6, Water (T s = 310 K): h fg = 2414 kJ/kg. 

ANALYSIS: (a) Since T wb = T^ , the free stream contains water vapor at its saturation condition. The 
water vapor at the surface is saturated since it is in equilibrium with the liquid in the towel. From Table 
A.6, 

T (K) v g (m 3 /kg) p E (kg/m 3 ) 

^=290 69.7 PA od = 1.435 x 10" 2 

T s = 310 22.93 PAs =4.361 x 10" 2 

Using the mass transfer convection rate equation, the water evaporation rate from the towel is 

n A = h m A s (p AjS -p A ,oo) =0.027 m/s (0.0925 m) 2 (4.361- 1.435) xlO" 2 kg/m 3 = 6.76 x 10" 6 kg/s < 

To determine the net radiation heat rate q^ a( j , perform an ^ ^ rad q e 

energy balance on the water film, \ 
^in ~~ ^out = 0 q rac j — q cv — q e vap = 0 / 

77777777777777777' 

qrad = q C v + qevap = h s A s ( T s ~ T oo ) + n A n fg 
and substituting numerical values find 



1 evap 



r T s' p A,. 



q rad =28.7 W/m 2 -K (0.0925m) 2 (3 10-290) K + 6.76x10 6 kg/s x 2414x 10 3 J/kg 

q rad =(4.91 + 16.32) W = 21.2 W < 
(b) The radiation parameters for the towel surface are now evaluated. The emissive power is 

E = sE h (T s ) = s cjT s 4 = 0.96 x 5.67 x 10" 8 w/ m 2 - K 4 (3 10 K) 4 = 502.7 w/ m 2 < 
To determine the irradiation G, recognize that the net radiation heat rate can be expressed as, 

q rad =(«G-E)A s 21.2W = (0.96G-502.7)w/m 2 x(0.0925m) 2 G = 3105W/m 2 < 
where a = s since the water surface is diffuse, gray. From the definition of the radiosity, 

J = E + pG = [502.7 + (1 - 0.96) x 3 105] w/ m 2 = 626.9 w/ m 2 < 
where p = 1 - a = 1 - s. 

COMMENTS: An alternate method to evaluate J is to recognize that q^ a( j = G - J. 
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PROBLEM 13.1 



KNOWN: Various geometric shapes involving two areas Ai and A2. 

FIND: Shape factors, F12 and F21, for each configuration. 
ASSUMPTIONS: Surfaces are diffuse. 

ANALYSIS: The analysis is not to make use of tables or charts. The approach involves use of the 
reciprocity relation, Eq. 13.3, and summation rule, Eq. 13.4. Recognize that reciprocity applies to two 
surfaces; summation applies to an enclosure. Certain shape factors will be identified by inspection. 
Note L is the length normal to page. 

(a) Long duct (L): . ^ 
By inspection, Fj2=1.0 

^ V V I A „ A, 2RL 4 , 

By reciprocity, F 21 = — F, 2 = x 1.0 = — = 0.424 < 

A 2 (3/4)-2^RL 3n 



(b) Small sphere, Aj, under concentric hemisphere, A 2 , where A2 = 2A 

^s/^~ Summation rule 1 + Fl2 + ^13 = 1 

^ 1 i \ 1 But F12 - F13 by symmetry, hence F12 = 0.50 < 
x ' Ai Ai 

\ /. By reciprocity, f 21 =— R 2 = — -x0.5 = 0.25. < 

A 3 A 2 2Aj 

(c) Long duct (L): 
/x* - v^— ^ By inspection, Fj2=L0 




3£\ 



A, 



A 2RL 2 
By reciprocity, F 21 =— F, 2 = xl.0 = — = 0.637 < 



A 2 " n:RL n 



Summation rule, F22 = 1 - F21 = 1 - 0.64 = 0.363. 



(d) Long inclined plates (L): 

A3 A Summation rule, Ri + R? + R'! =1 

T \\/ 1 

10cm / A ^ ut = ^ symmetry, hence F12 = 0.50 <. 

I / /V 1 „ . . Ai 20L . 
* ^ By reciprocity, F 21 = ^F, 2 = -— x 0.5 = 0.707. < 

\*-Z0cm-*\ A 2 10(2) 1/2 L 



(e) Sphere lying on infinite plane 



A 



A^— 4 1 A, But F12 = F13 by symmetry, hence F12 = 0.5 
^ . . A, 



3 Summation rule, Fi 1 + F12 + F13 = 1 



By reciprocity, F 21 = — -F, 2 ->• 0 since A2 — > °o. < 

A 2 



Continued 
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PROBLEM 13.1 (Cont.) 



(f) Hemisphere over a disc of diameter D/2; find also F22 and F23. 



D/Z- 



-M4 

4^ 



By inspection, F12 =1.0 
Summation rule for surface A3 is written as 
F 31 + F 33 =1 - Hence > r 32= 1 -0- 



By reciprocity, 



P23 =V ll 32 



P23 



xD 2 n{pilf 



By reciprocity, 



F 2l =T^ F 12 = 
A 2 



D 

2 



1.0 = 0.375. 



xl.0 = 0.125. 



Summation rule for A2, ^21 + ^22 + ^23 = 1 or 

F22 =1-F2i-F23 =1-0.125-0.375 = 0.5. 
Note that by inspection you can deduce F22 = 0.5 



Summation rule for Ai 
Fll+Il2+Il3=0 



(g) Long open channel (L): 

■1- ' P ' 



but F12 = F13 by symmetry, hence F12 = 0.50. 



By reciprocity, 



„ = Aij, 2xL 

A 2 ^ 2 (2*l)/4xL * 



= — x 0.50 = 0.637. 



COMMENTS: (1) Note that the summation rule is applied to an enclosure. To complete the 
enclosure, it was necessary in several cases to define a third surface which was shown by dashed lines. 

(2) Recognize that the solutions follow a systematic procedure; in many instances it is possible to 
deduce a shape factor by inspection. 
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PROBLEM 13.2 



KNOWN: Geometry of semi-circular, rectangular and V grooves. 

FIND: (a) View factors of grooves with respect to surroundings, (b) View factor for sides of V 
groove, (c) View factor for sides of rectangular groove. 



SCHEMATIC: 




/A 



Aj-7 t 
1 ' H 



W 



-A, 




A 1= A z =\N/z+sine 



ASSUMPTIONS: (1) Diffuse surfaces, (2) Negligible end effects, "long grooves". 

ANALYSIS: (a) Consider a unit length of each groove and represent the surroundings by a 
hypothetical surface (dashed line). 



Semi- Circular Groove: 

F2i = i; 

Rectangular Groove: 
F 4(l,2,3) =1 ; 

V Groove: 

F 3(L2) = !; 



Ai (;rW72) 



xl 



1*2=2/*. 

c A 4 c W t 

F (!' 2 ' 3 ) 4 = A 1+ A 2 + A 3 F4 ( 1 ' 2 ' 3 ) = H + W + H Xl 

F (1,2,3)4 = W/(W + 2H). 



F (U)3 



A 3 F . W 

^l 1 ' 2 ) W/2 W/2 

+ 

sin 9 sin 9 



Ai+A 2 



F (l,2)3 =sin6'. 
(b)FromEqs. 13.3 and 13.4, = l-Ifa = 1-— F31. 



Al 



From Symmetry, 
Hence, Fi 2 = 1- 



W 



E,l=l/2. 
1 



or 



Y\2 = l-sin#. 



(W72)/sin0 2 

(c) From Fig. 13.4, with X/L = H/W =2 and Y/L -> oo, 

q 2 «0.62. < 

COMMENTS: (1) Note that for the V groove, F i3 = F 23 = F (U )3 = sinO, (2) In part (c), Fig. 13.4 

could also be used with Y/L = 2 and X/L = oo. However, obtaining the limit of Fjj as X/L — > oo from 
the figure is somewhat uncertain. 
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PROBLEM 13.3 

KNOWN: Two arrangements (a) circular disk and coaxial, ring shaped disk, and (b) circular disk and 
coaxial, right-circular cone. 

FIND: Derive expressions for the view factor F12 for the arrangements (a) and (b) in terms of the 
areas A] and A2, and any appropriate hypothetical surface area, as well as the view factor for coaxial 
parallel disks (Table 13.2, Figure 13.5). For the disk-cone arrangement, sketch the variation of F12 
with 0 for 0 < 0 < nil, and explain the key features. 

SCHEMATIC: 




ASSUMPTIONS: Diffuse surfaces with uniform radiosities. 



ANALYSIS: (a) Define the hypothetical surface A3, a co-planar disk inside the ring of A1. Using the 
additive view factor relation, Eq. 13.5, 

A (1,3) F (1,3) =A 1 P12+A3F32 

¥ll= ~t[ [ A (13) F (13) _A 3 ^2 

where the parenthesis denote a composite surface. All the Fy on the right-hand side can be evaluated 
using Fig. 13.5. 

(b) Define the hypothetical surface A3, the disk at the bottom of the cone. The radiant power leaving 
A2 that is intercepted by Ai can be expressed as 

% = F 23 (1) 

That is, the same power also intercepts the disk at the bottom of the cone, A3. From reciprocity, 

A 1 F 12 =A 2 F 2 i (2) 
and using Eq. (1), 

Fl2 = A ^F 23 < 

The variation of F12 as a function of 0 is shown below for the disk-cone arrangement. In the limit 
when 0 — > tz/2, the cone approaches a disk of area A3. That is, 

When 0 — > 0, the cone area A2 diminishes so that 
F 12 (6>^0) = 0 

F13 

F12 



e 
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PROBLEM 13.4 

KNOWN: Right circular cone and right-circular cylinder of same diameter D and length L positioned 
coaxially a distance L G from the circular disk Ai; hypothetical area corresponding to the openings 
identified as A3. 

FIND: (a) Show that F21 = (A1/A2) F13 and F22 = 1 - (A3/A2), where F13 is the view factor between 

two, coaxial parallel disks (Table 13.2), for both arrangements, (b) Calculate F21 and F22 for L = L G = 

50 mm and Di = D3 = 50 mm; compare magnitudes and explain similarities and differences, and (c) 

Magnitudes of F21 and F22 as L increases and all other parameters remain the same; sketch and explain 
key features of their variation with L. 

SCHEMATIC: 





h 



[a) Right-circular cone 



(b) Right-circular cylinder 



ASSUMPTIONS: (1) Diffuse surfaces with uniform radiosities, and (2) Inner base and lateral 
surfaces of the cylinder treated as a single surface, A2. 

ANALYSIS: (a) For both configurations, 

F 13 = F 12 (1) 

since the radiant power leaving Ai that is intercepted by A3 is likewise intercepted by A2. Applying 
reciprocity between Ai and A2, 

A 1 F 12 =A 2 F21 
Substituting from Eq. (1), into Eq. (2), solving for F21, find 
F2i= (A 1 /A 2 )F 12 =(A 1 /A 2 )F 13 

Treating the cone and cylinder as two-surface enclosures, the summation rule for A2 is 
F 22 +F 23 =1 

Apply reciprocity between A2 and A3, solve Eq. (3) to find 
F2 2 = 1-F 23 = 1-(A 3 /A 2 )F3 2 

and since F32 = 1 , find 

F2 2 =1-A 3 /A 2 



(2) 

< 

(3) 



Continued 
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PROBLEM 13.4 (Cont.) 

(b) For the specified values of L, L 0 , Di and D2, the view factors are calculated and tabulated below. 
Relations for the areas are: 

1/2 

Disk-cone: Ai=;rD 2 /4 A 2 = ^D 3 /2^L 2 +(D 3 /2) 2 j A 3 =;rD 2 /4 

Disk-cylinder: Ai=^Df/4 A 2 = ^Df IA + ttT)^L A3 = ^3/4 

The view factor F13 is evaluated from Table 13.2, coaxial parallel disks (Fig. 13.5); find F13 = 0.1716. 

F21 F22 
Disk-cone 0.0767 0.553 

Disk-cylinder 0.0343 0.800 

It follows that F21 is greater for the disk-cone (a) than for the cylinder-cone (b). That is, for (a), 
surface A2 sees more of Ai and less of itself than for (b). Notice that F22 is greater for (b) than (a); 
this is a consequence of A2,b > A2, a - 

(c) Using the foregoing equations in the IHT workspace, the variation of the view factors F21 and F22 
with L were calculated and are graphed below. 




Note that for both configurations, when L = 0, find that F21 = F13 = 0.1716, the value obtained for 
coaxial parallel disks. As L increases, find that F22 — > 1 ; that is, the interior of both the cone and 
cylinder see mostly each other. Notice that the changes in both F21 and F22 with increasing L are 
greater for the disk-cylinder; F21 decreases while F22 increases. 

COMMENTS: From the results of part (b), why isn't the sum of F21 and F22 equal to unity? 
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PROBLEM 13.5 

KNOWN: Two parallel, coaxial, ring-shaped disks. 
FIND: Show that the view factor F12 can be expressed as 

Fl2 = — {A(i j3 ) F(i,3)( 2 ,4)- A 3 F 3(2,4) " A 4( F 4(l,3) " F 43)} 



where all the F lg on the right-hand side of the equation can be evaluated from Figure 13.5 (see Table 
13.2) for coaxial parallel disks. 

SCHEMATIC: 







ASSUMPTIONS: Diffuse surfaces with uniform radiosities. 

ANALYSIS: Using the additive rule, Eq. 13.5, where the parenthesis denote a composite surface, 
F l(2,4) =F 12+ F 14 

^2 = F 1(2,4)" F 14 (U 
Relation for Fi^A)'- Using the additive rule 

A (l,3) F (l,3)(2,4) = A l F l(2,4) + A 3 F 3(2,4) ( 2 ) 

where the check mark denotes a Fy that can be evaluated using Fig. 13.5 for coaxial parallel disks. 
Relation for F 14: Apply reciprocity 

A! Fw = A 4 F 41 (3) 

and using the additive rule involving F41, 



A 1 F 14 =A 4 



F 4(l,3)- p 43 



(4) 



Relation for F 12: Substituting Eqs. (2) and (4) into Eq. (1), 

F 12 =^-{ A (l,3) F (l,3)(2,4)- A 3F3(2,4)- A 4 ( F 4(l,3) ~ F 43)} 

COMMENTS: (1) The Fy on the right-hand side can be evaluated using Fig. 13.5. 

(2) To check the validity of the result, substitute numerical values and test the behavior at special 
limits. For example, as A3, A4 — > 0, the expression reduces to the identity F12 = F12. 
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PROBLEM 13.6 

KNOWN: Two geometrical arrangements: (a) parallel plates and (b) perpendicular plates with a 
common edge. 

FIND: View factors using "crossed-strings" method; compare with appropriate graphs and analytical 
expressions. 

SCHEMATIC: 



c« 
6i 



i— -j. m ~i 

T It± 



A, 



w jt = 4-m 



(a) Parallel plates (b) Perpendicular plates with common edge 

ASSUMPTIONS: Plates infinite extent in direction normal to page. 

ANALYSIS: The "crossed-strings" method is C< 
applicable 

to surfaces of infinite extent in one direction having an jf^l _ J^***^, . <-/ 

obstructed view of one another. ** m —- ar "**• 

F[2 -(l/2w 1 )[(ac + bd)-(ad + bc)]. 




(a) Parallel plates: From the schematic, the edge and diagonal distances are 

sl/2 

ac = bd = I w i + L, be = ad = L. 



= bd = |w 2 +L 2 j 



With wi as the width of the plate, find 



2w, 



/ ~ 9 \l/2 i / \l/2 

2 wf+L -2(L) = 2 4 +1 m-2(lm) 

V / 2x4m V / 



0.781. 



Using Fig. 13.4 with X/L = 4/1 = 4 and Y/L = oo, find F 12 « 0.80. Also, using the first relation of 
Table 13.1, 



-1/2 




1/2" 






(Wi-Wj) 2 + 4 




>/2Wj 



(Wj+Wj) -1 
where wi = wj = wi and W - w/L - 4/1 - 4, find 



? i 1/2 r 9 i 1/2 l 

(4 + 4) +4 - (4-4) +4 V2x4 = 0.781. 



(b) Perpendicular plates with a common edge: From the schematic, the edge and diagonal distances 
are 



/ 2 2\ 

ac = wj bd = L ad = I Wi + L 

With wi as the width of the horizontal plates, find 
F 12 =(l/2 Wl ) 



bc = 0. 





f , 


\l/2 N 




2(wj +L)- 


1 Wj + L 


) -J 




V 







% = (1/2x4 m) 



( 1 - ,\l/2 
(4 + l)m- |^4 +1 J m + 0 



0.110. 



From the third relation of Table 13.1, with w; = wi = 4 m and wj = L = 1 m, find 



-il/2 



F lj =|l + (w j /w i )-^l + (w j /w i ) 2 
E\2 = l + (l/4)-[l + (l/4) 2 | /2 1/2 = 0.1 



12 



10. 
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PROBLEM 13.7 

KNOWN: Right-circular cylinder of diameter D, length L and the areas Ai, A2, and A3 representing 
the base, inner lateral and top surfaces, respectively. 

FIND: (a) Show that the view factor between the base of the cylinder and the inner lateral surface has 
the form 



Fi2=2H 



/ 2\ l/1 
(l + H 2 ) -H 



where H = L/D, and (b) Show that the view factor for the inner lateral surface to itself has the form 

.1/2 



l22=l + H-(l + H 2 ) 
SCHEMATIC: 




ASSUMPTIONS: Diffuse surfaces with uniform radiosities. 

ANALYSIS: (a) Relation for F 12, base-to-inner lateral surface. Apply the summation rule to Ai, 
noting that Fn = 0 

F 11 +F 12 + F 13 = l 



F!2 =1-F 13 
From Table 13.2, Fig. 13.5, with i = l,j = 3, 



Fi 3 4 s- 



S 2 -4(D 3 /D^ 



-.1/2 



(1) 



(2) 



S = l + 



1 + R3 1 . A TT 2 „ 
Rf R 



(3) 



where Ri = R3 = R = D/2L and H = L/D. Combining Eqs. (2) and (3) with Eq. (1), find after some 
manipulation 



Continued 
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F 12 =l- 



%=2H 



4H z +2- 



PROBLEM 13.7 (Cont.) 

-M2" 



(4 H 2 + 2)" 



/ 2\ 1/2 
(l + H 2 ) -H 



(4) 



(b) Relation for F22, inner lateral surface. Apply summation rule on A2, recognizing that F23 = F21 , 



F21 + F22+F23 = 1 F22=l-2F2i 
Apply reciprocity between Ai and A2, 

F 21 =(A 1 /A 2 )F 12 
and substituting into Eq. (5), and using area expressions 

F22 = l-2 — F 12 = l-2 — F 12 =1- — F19 
11 A 2 4L 1Z 2H 1Z 

2 

where Ai = 71D /4 and A2 - tcDL. 
Substituting from Eq. (4) for F12, find 



(5) 



(6) 



(7) 



F22=l~ 



1 

2H 



2H 



,1/2 



(l + H 2 ) -H =l + H-(l + H 2 ) 



1/2 
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PROBLEM 13.8 

KNOWN: Arrangement of plane parallel rectangles. 

FIND: Show that the view factor between Ai and A2 can be expressed as 



F 12 



1 



2 A 



A (l,4) F (l,4)(2,3) _A 1 F 13 - A 4 F42 



where all Fjj on the right-hand side of the equation can be evaluated from Fig. 13.4 (see Table 13.2) 
for aligned parallel rectangles. 

SCHEMATIC: 







M — 

















ASSUMPTIONS: Diffuse surfaces with uniform radiosity. 

ANALYSIS: Using the additive rule where the parenthesis denote a composite surface, 
A (l,4) F (l,4)(2,3) = A l % + A l Fl2 + A 4 F 43 + A 4 F 42 



(1) 



where the asterisk (*) denotes that the can be evaluated using the relation of Figure 13.4. Now, 
find suitable relation for F43. By symmetry, 



F43 = F21 

and from reciprocity between Ai and A2, 



P21 =-T Ll l2 
A 2 



(2) 



(3) 



Multiply Eq. (2) by A4 and substitute Eq. (3), with A4 = A2, 

A 4 F43 = A 4 Fjj = A 4 ^-F 12 = A! F 12 

A 2 

Substituting for A4 F43 from Eq. (4) into Eq. (1), and rearranging, 



(4) 



Pl2 = 



2 A, 



A (l,4) F (1,4)(2,3)" A 1 Pl3- A 4 F42 
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PROBLEM 13.9 



KNOWN: Two perpendicular rectangles not having a common edge. 

FIND: (a) Shape factor, F12, and (b) Compute and plot F12 as a function of Zb for 0.05 < Z\, < 0.4 m; 
compare results with the view factor obtained from the two-dimensional relation for perpendicular 
plates with a common edge, Table 13.1. 

SCHEMATIC: 




ASSUMPTIONS: (1) All surfaces are diffuse, (2) Plane formed by Ai + A3 is perpendicular to plane 
of A 2 . 



ANALYSIS: (a) Introducing the hypothetical surface A3, we can write 

F 2(3,l) =F 23+ Fzi- 
Using Fig. 13.6, applicable to perpendicular rectangles with a common edge, find 

Y 0.3 

F ? o = 0.19 : with Y = 0.3, X = 0.5, Z = Z„ - Z h = 0.2, and — = = 0.6, 



(1) 



0.2 



= 0.4 



Y 0.3 

F 2(3,l) = °- 25 : with Y = °- 3 ' X = °- 5 ' Z a = °- 4 ' and — = = 0.6 



X 0.5 X 0.5 

Z 0.4 



0.8 



X 0.5 



X 0.5 



Hence from Eq. (1) 

F21 =F 2 ( 3 !)-F23 =0.25-0.19 = 0.06 



By reciprocity, 



%=^F21 



0.5x0.3m" 



x 0.06 = 0.09 



(2) < 



0.5x0.2m^ 

(b) Using the IHT Tool — View Factors for Perpendicular Rectangles with a Common Edge and Eqs. 
(1,2) above, F12 was computed as a function of Zb- Also shown on the plot below is the view factor 
F(3,l)2 for the limiting case Zb — > Z a . 




0.1 



F12 

limit F(3,1 )2 when Zb - 



0.2 
Zb (m) 

> Za 
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PROBLEM 13.10 

KNOWN: Arrangement of perpendicular surfaces without a common edge. 

FIND: (a) A relation for the view factor F14 and (b) The value of F14 for prescribed dimensions. 

SCHEMATIC: 




L 1 = L 2 ^L 4 . = W/z 
L S = W 



ASSUMPTIONS: (1) Diffuse surfaces. 

ANALYSIS: (a) To determine F14, it is convenient to define the hypothetical surfaces A2 and A3. 
From Eq. 13.6, 

(Ai +A 2 )F( 1) 2)( 3) 4) = At F,^ 4 ) +A 2 F 2 ^ 4 ) 

where F(i ; 2)(3,4) and F2(3,4) may be obtained from Fig. 13.6. Substituting for Ai Fi(3 > 4) from Eq. 13.5 
and combining expressions, find 

A l Fl(3,4) = A l F l3 +A 1 Fi 4 



^4=— [( A l+A 2 )F( 1) 2)(3 ) 4)-A 1 F l3 -A 2 F 2 (3A) 

Substituting for Ai F13 from Eq. 13.6, which may be expressed as 
(A 1 +A 2 )F( 12 )3=A 1 F13 + A 2 F 23 . 

The desired relation is then 

' r ( A i + A 2 ) f|l, 2 )(3,4) + A 2 F 23 - (At + A 2 ) F( 12 ) 3 - A 2 $2(3,4) 



*14 



M 



(b) For the prescribed dimensions and using Fig. 13.6, find these view factors: 

1.45, 



Surfaces (1,2)(3,4) 
Surfaces 23 
Surfaces (1,2)3 
Surfaces 2(3,4) 



(Y/X): 
(Y/X): 



Ll+L2 -1, (Z/X)^ L3+L4 



w 



1-2 -0.5, (/./X) 



W 

= 1, 



U 

W ' w 

( Y /X) = ^±±^ = l, (Z/X) = ^- = l, 



w 



w 



(Y/X) = ^2. = 0.5, (Z/X)= L3+L4 =1.5, 



F (l,2)(3,4)=0- 22 
F23 = 0.28 

F(l,2)3=0.20 

F 2(3)4) =0.31 



Using the relation above, find 

Fj4 = — - [( WLj + WL 2 ) 0.22 + ( WL 2 ) 0.28 - ( WLj + WL 2 ) 0.20 - ( WL 2 ) 0.3 1] 



(WLj)' 

F[4 =[2(0.22) + 1(0.28) -2(0.20) -1(0.31)] = 0.01. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.11 



KNOWN: Arrangements of rectangles. 
FIND: The shape factors, F i2 . 
SCHEMATIC: 





ASSUMPTIONS: (1) Diffuse surface behavior. 



ANALYSIS: (a) Define the hypothetical surfaces shown in the sketch as A3 and A4. From the 
additive view factor rule, Eq. 13.6, we can write 

V V V 

A (l,3) F(1,3)(2,4)=A 1 Fl2+A 1 Fi4 + A3F32+A 3 F34 (1) 

Note carefully which factors can be evaluated from Fig. 13.6 for perpendicular rectangles with a 
common edge. (See V). It follows from symmetry that 

A 1 F i2 =A 4 F 4 3. (2) 
Using reciprocity, 

A 4 F43=A 3 F34 5 ^ A 1 ^2=A 3 ^ 4 . ( 3 ) 
Solving Eq. (1) for F12 and substituting Eq. (3) for A3F34, find that 

' rA (l,3) F (l,3)(2,4)- A l I l4- A 3 F 32]- ( 4 ) 



2A 



Evaluate the view factors from Fig. 13.6: 



Fij 


Y/X 


Z/X 




(1,3) (2,4) 


6 

- = 0.67 
9 


6 

- = 0.67 
9 


0.23 


14 


6 

- = 1 
6 


6 

- = 1 
6 


0.20 


32 


6 

-=2 


6 

-=2 


0.14 



Substituting numerical values into Eq. (4) yields 
1 



F12 



2x(6x6)m 2 
F^ =0.038. 



(6x9)m 2 x 0.23 -(6x6)m 2 x0.20-(6x3)m 2 x 0.14 



Continued 
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PROBLEM 13.11 (Cont.) 



(b) Define the hypothetical surface A3 and divide A2 into two sections, A2A and A2B- From the 
additive view factor rule, Eq. 13.6, we can write 

A u F(i, 3 )2 = A 1 F 12 + A 3 F3( 2A ) + A 3 F 3 (2B) - (5) 
Note that the view factors checked can be evaluated from Fig. 13.4 for aligned, parallel rectangles. To 

evaluate F3(2A), we first recognize a relationship involving F(24)i will eventually be required. Using 
the additive rule again, 

V 

A 2AF(2A)(1,3) = A 2A F(2A)l+ A 2aF( 2 A)3" 

Note that from symmetry considerations, 
A 2A F (2A)(1,3) = A 1^2 

and using reciprocity, Eq. 13.3, note that 
A 2AF2A3 = A 3F3(2A)- 

Substituting for A3F3(2A) from Eq. (8), Eq. (5) becomes 

A (l,3) F ( 1,3)2 = A lFi2 + A 2A F (2A)3 + A 3 F 3(2B) ■ 
Substituting for A2A F(2A)3 fr° m Eq. (6) using also Eq. (7) for A2A F(2A)(1,3) find that 

V * " ' ( V ^ V 



A( 1>3 ) F( 1,3)2 = A 1 F 12 + 



A lll2- A 2A F(2A)1 



(6) 
(7) 
(8) 



+ A 3 F3(2B) 



(9) 



and solving for F12, noting that Aj = A2A and A(i 3) = A2 



Fl2 



2Ai 



V 



V 



V 



A 2 F (l,3)2 + A 2A F ( 2A )1 " A 3 F 3 (2B) 



Evaluate the view factors from Fig. 13.4: 



Pij 


X/L 


Y/L 


F ij 


(1,3)2 


- = 1 


1.5 

— = 1.5 
1 


0.25 


(2A)1 


- = 1 


0.5 

— = 0.5 
1 


0.11 


3(2B) 


- = 1 


1 

- = 1 
1 


0.20 



Substituting numerical values into Eq. (10) yields 



Fl2 =■ 



1 



2(0.5 xl)m 2 L 
1^2=0.23. 



(1.5 x 1.0) m 2 x 0.25 + (0.5 x l) m 2 x 0. 1 1 - (l x l) m 2 x 0.20 



(10) 
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PROBLEM 13.12 



KNOWN: Parallel plate geometry. 



FIND: (a) The view factor F i2 using the results of Figure 13.4, (b) Fi 2 using the first case of 
Table 13.1, (c) F 12 using Hottel's crossed-string method, (d) F 12 using the second case of Table 
13.1, (e) Fi 2 for w = L = 2 m using Figure 13.4. 

c , d 

SCHEMATIC: 



L = 1 m 




w = 1 m 



ASSUMPTIONS: (a) Two-dimensional system, (b) Diffuse, gray surfaces. 

ANALYSIS: (a) Using Figure 13.4, X/L = lm/ lm = 1, Y/L -> oo, F 12 = 0.41 
(b) For case 1 of Table 13.1, Wi = W 2 = lm/lm = 1 and 



F 12 = 



2 z +4 



-il/2 



J 



1 1/2 



0.414 



(c) From Problem 13.6, 



1 



42 



2x1 m 



2x- 



1 m 



cos(45°) 



2 m 



= 0.414 



(d) For case 2 of Table 13.1, w = lm, a = 90°, F 13 = 1 - sin(45°) = 0.293. By symmetry, F 14 = 
0.293 and by the summation rule, 

F 12 = 1 -F 13 -F,4= 1 -2 x0.293 = 0.414 < 

(e) Using Figure 13.4, X/L = 2m/2m = 1, Y/L -> oo, F 12 = 0.41 < 



COMMENTS: For most radiation heat transfer problems involving enclosures composed of 
diffuse gray surfaces, there are many alternative approaches that may be used to determine the 
appropriate view factors. It is highly unlikely that the view factors will be evaluated the same way 
by different individuals when solving a radiation heat transfer problem. 
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PROBLEM 13.13 

KNOWN: Parallel plates of infinite extent (1,2) having aligned opposite edges. 

FIND: View factor F12 by using (a) appropriate view factor relations and results for opposing parallel 
plates and (b) Hottel's string method described in Problem 13.6. 

SCHEMATIC: 

\< — \N 1=2.771 — >\ 

^® Jim ^ 



ASSUMPTIONS: (1) Parallel planes of infinite extent normal to page and (2) Diffuse surfaces with 
uniform radiosity. 

ANALYSIS: From symmetry consideration (F12 = F14) and Eq. 13.5, it follows that 

I i2-( 1 / 2 )[ I i(2,3,4)-ri3_ 

where A3 and A4 have been defined for convenience in the analysis. Each of these view factors can be 
evaluated by the first relation of Table 13.1 for parallel plates with midlines connected 
perpendicularly. 



F 13 : W 1 =w 1 /L = 2 



W 2 =w 2 /L = 2 



1/2 



(W 1 + W 2 ) +4 - (W 2 -Wi) +4 



1/2 



(2 + 2) +4 



1/2 



(2-2) 2 +4 



Fi(2,3,4): 



2Wj 

W T = w T /L = 2 



2x2 



W, 



'(2,3,4) =3w 2 /L = 6 



^(2,3,4) 



1/2 



(2 + 6) z +4 - (6-2) z + 4 



1/2 



2x2 



Hence, find F, 2 = (1/ 2) [0.944 -0.618] = 0.163. 

(b) Using Hottel' s string method, 

F[2 =(l/2 Wl )[(ac + bd)-(ad + bc)] 

/ 2\ 1/2 
ac = 1 + 4 =4.123 

bd = l 



0.944. 



1/2 



0.618 



1 

c 



I 



2 2\ 1/2 
ad = |l / + 2 / | =2.236 



be = ad = 2.236 
and substituting numerical values find 



F12 = (l/2x2)[(4.123 + l)-(2.236 + 2.236)] = 0.163. 



COMMENTS: Remember that Hottel's string method is applicable only to surfaces that are of 
infinite extent in one direction and have unobstructed views of one another. 
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PROBLEM 13.14 

KNOWN: Two small diffuse surfaces, Ai and A2, on the inside of a spherical enclosure of radius R. 

FIND: Expression for the view factor F12 in terms of A2 and R by two methods: (a) Beginning with 
the expression Fjj = qij/Aj J; and (b) Using the view factor integral, Eq. 13.1. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surfaces Ai and A 2 are diffuse and (2) Ai and A 2 « R 2 . 

ANALYSIS: (a) The view factor is defined as the fraction of radiation leaving Aj which is intercepted 
by surface j and, from Section 13.1.1, can be expressed as 

* z, 

From Eq. 12.6, the radiation leaving intercepted by Ai and A2 on the spherical surface is 

qi^2 =(Ji/^)-A 1 cos6' 1 -«2-l ( 2 ) 
where the solid angle A2 subtends with respect to A 1 is 
A 2 , n A 2 cos0 2 

r r 
From the schematic above, 

cos 9\ = cos #2 r = 2R cos 9\ (4,5) 

Hence, the view factor is 

p (J 1 /^-)A 1 cos6 l i •A 2 cos6 , 2/4R 2 cos6'i A 2 ^ 

Flj= = ^2 

(b) The view factor integral, Eq. 13.1, for the small areas A] and A2 is 



F^J-f \ cos^cos^ ^^^ cos^cos^ 
Ai A i A2 m nx 



and from Eqs. (4,5) above, 
A 2 



ttR 2 



2 

COMMENTS: Recognize the importance of the second assumption. We require that Ai, A2, « R 
so that the areas can be considered as of differential extent, Ai = dAi, and A2 = dA2- 
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PROBLEM 13.15 

KNOWN: Disk Ai, located coaxially, but tilted 30° of the normal, from the diffuse-gray, ring-shaped disk A2. 
Surroundings at 400 K. 

FIND: Irradiation on Ai, Gi, due to the radiation from A2. 
SCHEMATIC: 

-A z Jl=600K,£ z =a7 



r„-6mm 



r; =Z mm 




T sur =400K 



ASSUMPTIONS: (1) A2 is diffuse-gray surface, (2) Uniform radiosity over A2, (3) The surroundings are large 
with respect to Ai and A2. 

ANALYSIS: The irradiation on Ai is 

G 1 =q 21 /A 1 =(F 21 -J 2 A 2 )/A 1 (1) 

where J2 is the radiosity from A2 evaluated as 

h =^b,2 + P2 Q 2 =e 2 <f4 +(l-^ 2 )^T s 4 ur 

J 2 =0.7x5.67 xlO~ 8 W7m 2 - K 4 (600 K) 4 +(l-0.7)5.67xl0~ 8 W7m 2 -K 4 (400 K) 4 

J 2 =5144 + 436 = 5580 W/m 2 . (2) 
Using the view factor relation of Eq. 13.8, evaluate view factors between A[ , the normal projection of A 1 , and 

A3 as 



fi'3 = 



Dt 



(0.004 my 



D 2 +4L 2 (0.004 m) 2 +4(1 m) 2 



= 4.00x10 



-6 



and between Aj and (A2 + A3) as 



fV(23) = 



(0.012) z 



= 3.60x10 



-5 



giving 



D 2 +4L 2 (0.012) 2 +4(1 m) 2 
fy 2 =t\>(23)- F l'3 = 3.60 x 10" 5 -4.00 xlO" 6 =3.20xl0" 5 . 



From the reciprocity relation it follows that 

F 21' = A ffi'2 /A 2 = ( A 1 cos6\/A 2 )^ 2 = 3.20 xlO" 5 cos 6' 1 (A 1 /A 2 ). 
By inspection we note that all the radiation striking Aj will also intercept Ai ; that is 

P21 = ¥ 21'- 

Hence, substituting for Eqs. (3) and (4) for F21 into Eq. (1), find 

Gi = (3.20 x 10" 5 cos 9y ( A l I A 2 ) x J 2 x A 2 J / A : = 3.20 x 10" 5 cos 9 X ■ J 2 

Gi =3.20 xlO" 5 cos (30°) x 5580 W/m 2 =27.7 //W/m 2 . 



(3) 
(4) 

(5) 
< 



COMMENTS: (1) Note from Eq. (5) that Gi ~ cosBi such that Giis a maximum when Ai is normal to disk 
A 2 - 
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PROBLEM 13.16 

KNOWN: Heat flux gage positioned normal to a blackbody furnace. Cover of furnace is at 350 K 
while surroundings are at 300 K. 

FIND: (a) Irradiation on gage, G g , considering only emission from the furnace aperture and (b) 
Irradiation considering radiation from the cover and aperture. 

SCHEMATIC: 



i-Furnace,T f =1000K 



\--r sur =zooK 

CoverX=350K, e. c -O.Z, D=100mm 



201 



-Aperture, d a - Sm m Gauge, dg-4mm 



R--1 



777 



ASSUMPTIONS: (1) Furnace aperture approximates blackbody, (2) Shield is opaque, diffuse and 

2 2 

gray with uniform temperature, (3) Shield has uniform radiosity, (4) A g « R , so that co g .f = A g /R , 
(5) Surroundings are large, uniform at 300 K. 

ANALYSIS: (a) The irradiation on the gage due only to aperture emission is 
G g =qf_g/A g =(l e ,f • A f cos# f -« g -f )/A g = -*^5--A f •— |/A g 

crTf 4 5.67 xlO" 8 W/m 2 -K 4 (1000 K) 4 , w , 2 2 

G g = — L.A f = ^ >—x(nl 4) (0.005 mf = 354.4 mW/m . < 

ttR 7t(\ m) 

(b) The irradiation on the gage due to radiation from the aperture (a) and cover (c) is 



G g =G g5a + 



F c— g ' ^c^c 



where F c . g and the cover radiosity are 



F c-g - F g-c 



(A g /A c )« 



A, 



4R 2 +D 2 A c 



J c = ^c E b ( T c) + A; G c 



but G c = E b (T sur ) and p c = 1 - a c = 1 - s c , J c = s c oT 4 + (l - s c ) oT s 4 r = (170.2 + 387.4) W / m z 
Hence, the irradiation is 



G„„+- 



V 4R 2 +D 2 A c 



£ c (tT c +(l-s c )crT i 



sur 



G g =354.4 mW/ni + 



0.10" 



v 4xl 2 + 0.10 2 y 



0.2 x a (350) 4 + (l - 0.2) x a (300) 4 



W/m z 



G g =354.4 mW/m 2 + 424.4 mW/m 2 +916.2 mW/m 2 =1,695 mW/m 2 . 

COMMENTS: (1) Note we have assumed Af « A c so that effect of the aperture is negligible. (2) In 

part (b), the irradiation due to radiosity from the shield can be written also as G g;C = q c . g /A g = 

2 ' 2 

(J c /7r)-A c -co g - c /A g where co g . c = A g /R . This is an excellent approximation since A c « R . 
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PROBLEM 13.17 

KNOWN: Temperature and diameters of a circular ice rink and a hemispherical dome. 
FIND: Net rate of heat transfer to the ice due to radiation exchange with the dome. 
SCHEMATIC: 




^— Xce rmk,^Z3rT, t T 1 ^0 o C 



ASSUMPTIONS: (1) Blackbody behavior for dome and ice. 

ANALYSIS: From Eq. 13.14, q ;j = A^J; - Jj) where J; = oT; 4 and Jj = gT 4 . Therefore, 
q 21 =A 2 F 21 cr(T 2 4 -T 1 4 ) 

From reciprocity, A2 F21 = Aj F12 = (;rD 2 /4jl 



Hence 



A 2 F2i =(;r/4)(25 m) 2 1 = 491 m z 



q 2 i = 491 m 2 (5.67 x 10" 8 W/m 2 • K 4 



(288 K) 4 -(273 K) 4 



q 2 i =3.69xl0 4 W. 



COMMENTS: If the air temperature, T^, exceeds Tj, there will also be heat transfer by convection 
to the ice. The radiation and convection transfer to the ice determine the heat load which must be 
handled by the cooling system. 
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PROBLEM 13.18 

KNOWN: Surface temperature of a semi-circular drying oven. 
FIND: Drying rate per unit length of oven. 
SCHEMATIC: 



-1} =1200K, A t = rrD/Z -L 



V//////////////////////// 

h L--lm H 

ASSUMPTIONS: (1) Blackbody behavior for furnace wall and water, (2) Convection effects are 
negligible and bottom is insulated. 

PROPERTIES: Table A-6, Water (325 K): h fg = 2.378 x 10 6 J / kg. 
ANALYSIS: Applying a surface energy balance, 
qi2 =qevap =mhf g 

where it is assumed that the net radiation heat transfer to the water is balanced by the evaporative heat 
loss. From Eq. 13.14, = AjFij(Jj - Jj) where Jj = gT ; 4 and Jj = gT ; 4 . Therefore, 

qi2=Ai F^T 4 -^ 4 ). 
From inspection and the reciprocity relation, Eq. 13.3, 

R 2 =—1^1 = , DL — xl = 0.637. 
1Z Ai Z1 (;rD/2)-L 



Hence 



/ T 4_ T 4 

m = — = ri2 a 



L 2 h fg 

^lm) _ 8 W (1200 K) 4 -(325 KV 
rh' = — i >-x 0.637x5.67x10 8 — ^ '- ^ 



m 2 -K 4 2.378xl0 6 J/kg 



or 

rh' = 0.0492 kg /s-m. < 

COMMENTS: Air flow through the oven is needed to remove the water vapor. The water surface 
temperature, T2, is determined by a balance between radiation heat transfer to the water and the 
convection of latent and sensible energy from the water. 
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PROBLEM 13.19 

KNOWN: Arrangement of three black surfaces with prescribed geometries and surface temperatures. 

FIND: (a) View factor F13, (b) Net radiation heat transfer from Ai to A3. 

SCHEMATIC: 



A 1 = 0.0577/2 




T^IOOOK 
T^SOOK 



ASSUMPTIONS: (1) Interior surfaces behave as blackbodies, (2) A 2 » Ai. 

ANALYSIS: (a) Define the enclosure as the interior of the cylindrical form and identify A4. 
Applying the view factor summation rule, Eq. 13.4, 

Fu+Il2+Fi3+Fi4=l- 

Note that Fn = 0 and F i4 = 0. From Eq. 13.8, 



(3m)' 



D 2 + 4L 2 (3m) 2 +4 (2m) 2 



= 0.36. 



(1) 



(2) 



From Eqs. (1) and (2), 

1^3=1-^2=1-0.36 = 0.64. 
(b) From Eq. 13.14, q^ = A;Fij(Ji - Jj) where J ; = aT 4 and Jj = aT ; 4 . Therefore, 

qi 3 =Ai % a^-Tg 4 ) 

qi 3 = 0.05m 2 x 0.64x 5.67 x 10" 8 W /m 2 • K 4 (lOOO 4 - 500 4 j K 4 = 1700 W. 

COMMENTS: Note that the summation rule, Eq. 13.4, applies to an enclosure; that is, the total 
region above the surface must be considered. 
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PROBLEM 13.20 

KNOWN: Furnace diameter and temperature. Dimensions and temperature of suspended part. 

FIND: Net rate of radiation transfer per unit length to the part. 

SCHEMATIC: 




ASSUMPTIONS: (1) All surfaces may be approximated as blackbodies. 

ANALYSIS: From symmetry considerations, it is convenient to treat the system as a three-surface 
enclosure consisting of the inner surfaces of the vee (1), the outer surfaces of the vee (2) and the 
furnace wall (3). The net rate of radiation heat transfer to the part is then 

q w ,p = A 3 Fj 1 a (4 - T p 4 ) + A 3 E, 2 a (t 4 - T p 4 ) 
From reciprocity, 

A 3^1 = A 'l ¥ l3 =2Lx0.5 = lm 
where surface 3 may be represented by the dashed line and, from symmetry, F13 = 0.5. Also, 

A3 F32 =A 2 F23 =2Lxl = 2m 

Hence, 

q^ p =(l + 2)mx5.67xl0" 8 W/m 2 -K 4 |l000 4 -300 4 jK 4 =1.69xl0 5 W/m < 

COMMENTS: With all surfaces approximated as blackbodies, the result is independent of the tube 
diameter. Note that Fn = 0.5. 
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PROBLEM 13.21 



KNOWN: Coaxial, parallel black plates with surroundings. Lower plate (A2) maintained at 
prescribed temperature T2 while electrical power is supplied to upper plate (Ai). 



FIND: Temperature of the upper plate T1 . 
SCHEMATIC: 




T sur --300K 



L= 0.20 m 



^wtvte/i^ c — Heaier 

^A^D^ 0.20m, T ± 



y A z , D z =0.40m,%=500K 



ASSUMPTIONS: (1) Plates are black surfaces of uniform temperature, and (2) Backside of heater on 
Ai insulated. 

ANALYSIS: The net radiation heat rate leaving Aj is 
N 



Pe = ZQij = Aj f^t/ -t 2 4 ) + a 1 ^ 3< t(t 1 4 -T 3 4 ) 



j=l 



P e = Ata 



From Fig. 13.5 for coaxial disks (see Table 13.2), 
Rj = ri /L = 0.10 m/0.20 m = 0.5 



R 2 = r 2 /L = 0.20 m/0.20 m = 1.0 



S = l + - 



1 + R^ 



= 1 + 



1 + 1' 
(0^ 



= 9.0 



S 2 -4(r 2 /q) : 



-1/2" 








■4< 


)- 



9 2 -4(0.2/0.l) 2 



1/2 



0.469. 



From the summation rule for the enclosure Ai, A2 and A3 where the last area represents the 
surroundings with T3 = T sur , 



F^ =1-% =1-0.469 = 0.531. 



2 -2 2 

Substituting numerical values into Eq. (1), with Aj = ^Dj /4 = 3.142xl0 m , 



17.5 W = 3.142x10 2 m 2 x5.67xl0 8 W/m 2 -K 4 



0.469 (t 4 -500 4 )k 4 



+ O^l^-SOO 4 )^ 
9.823 x 10 9 = 0.469 (t 4 - 500 4 j + 0.53 1 (t 4 - 300 4 ) 
find by trial- and-error that T1 =456 K. 

COMMENTS: Note that if the upper plate were adiabatic, Ti = 427 K. 



(1) 
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PROBLEM 13.22 

KNOWN: Tubular heater radiates like blackbody at 1000 K. 

FIND: (a) Radiant power from the heater surface, A s , intercepted by a disc, Ai, at a prescribed 
location q s _>.i ; irradiation on the disk, Gi; and (b) Compute and plot q s ->i and Gi as a function of the 
separation distance Li for the range 0 < Li < 200 mm for disk diameters Di = 25, and 50 and 100 mm. 

SCHEMATIC: 



Heater surface 



T s = 1000 K, A 2 
D 2 = 100 mm J 




Insulation 



n 



Disk, D 1 = 50 mm, A-, 



H- L 2 = 100 mm + L, = 100 mm -H 



ASSUMPTIONS: (1) Heater surface behaves as blackbody with uniform temperature. 

ANALYSIS: (a) The radiant power leaving the inner surface of the tubular heater that is intercepted 
by the disk is 

q 2 ^ 1 =(A 2 E b2 )% (1) 



where the heater is surface 2 and the disk is surface 1. It follows from the reciprocity rule, Eq. 13.3, that 

F 21 =—^2- 
A 2 



(2) 



Define now the hypothetical disks, A3 and A4, located at the ends of the tubular heater. By inspection, 
it follows that 

+ % or \l=\\~\z 

(3) 

where F14 and F13 may be determined from Fig. 13.5. Substituting numerical values, with D3 = D4 = 
D 2 , 



1^3=0.08 with 



L Lt +L 



200 



L Li 

F, 4 = 0.20 with — = 1 



q Dj/2 50/2 
100 



= 8 



= 4 



r i _ D 3 /2 _ 100/2 
L Li + L 2 200 

fj _ D4/2 _ 100/2 



= 0.25 



q D x /2 50/2 



100 



0.5 



Substituting Eq. (3) into Eq. (2) and then into Eq. (1), the result is 

°a^\ = A i( F i4 -^3)^2 



92^1 



^50x10 3 j 2 m 2 /4 



(0.20 - 0.08) x 5.67x10 6 W/m 2 -K 4 (l000 Kf =13.4W 



where E b2 = <tT s . The irradiation Gi originating from emission leaving the heater surface is 



Gi = 



q s ^i 



13.4 W 



A l ^"(0.050 m) 2 / 4 



= 6825W/m z 



(4)< 



Continued 
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PROBLEM 13.22 (Cont.) 



(b) Using the foregoing equations in IHT along with the Radiation Tool-View Factors for Coaxial 

Parallel Disks, G\ and q s _»i were computed as a function of Li for selected values of Di. The results 
are plotted below. 




In the upper left-hand plot, Gi decreases with increasing separation distance. For a given separation 
distance, the irradiation decreases with increasing diameter. With values of Di = 25 and 50 mm, the 
irradiation values are only slightly different, which diminishes as Li increases. In the upper right-hand 
plot, the radiant power from the heater surface reaching the disk, q s ->2> decreases with increasing Li 
and decreasing Di. Note that while Gi is nearly the same for Di = 25 and 50 mm, their respective 
q s ->2 values are quite different. Why is this so? 
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PROBLEM 13.23 



KNOWN: Position of long cylindrical rod in an evacuated oven with non-uniform wall 
temperatures. 

FIND: (a) Steady-state rod temperature with rod in center of oven (w = 1 m, a = b = 0.5 m), (b) 
Steady-state rod temperature with rod offset in oven to one side (w = 1 m, a = 0.5 m, b = 0.25 m). 



SCHEMATIC: 



a = 0.5 m 



D = 0.2 m 
T 



b = 0.5m 
or 0.25 m 




T, = 585 K 



w= 1 m 



T 4 = 555 K 



ASSUMPTIONS: (1) Two-dimensional system, (2) Steady-state conditions, (3) Blackbody 
behavior. 

ANALYSIS: 

(a) Noting that Fn = 0, application of the summation rule yields Fi 2 = F 13 = F [4 = Fi 5 = 0.25. At 
steady-state with negligible convection heat transfer, Eq. 13.17 becomes 



q, = A lFl2 a [( T 4 - T 4 ) + ( T 4 - T 4 ) + ( T 4 - T 4 4 ) + ( T 4 - T 4 )" 



= 0 



or 



Ti = 



T 4 +T 4 + T 4 + T 4 



1/4 



(600 4 + 575 4 + 555 4 + 585 4 ) K 4 



1/4 



= 579.4 K < 



(b) Again, Fn = 0. To evaluate Fn we may use Table 3.1, case 6 



F 21 =- 



Sj s 2 



-1 Si _1 St 

tan —-tan — 



where r - D/2 = 0. 1 m, si = w/2 - 0.5 m, s 2 - -w/2 = -0.5 m, L = b = 0.25 m so that 



Continued.. 
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PROBLEM 13.23 (Cont.) 



0.1m 



L 21 



0.5m -(-0.5m) 



tan 



0.5 
0.25 



tan 



-0.5 
0.25 



; 0.2214 



By reciprocity, F 12 = (A2/AOF21 = (tiD/w)F 2 , = (re x 0.2 m/1 m) x 0.2214 = 0.3524 

To evaluate F 14 , we again use Table 3.1, case 6 with r = D/2 = 0.1 m, Si = 0.5 m, s 2 = -0.5 m, L = 
(1 - b) = (1 m - 0.25 m) = 0.75 m 



F 4 i = 



0.1m 



0.5m -(-0.5m) 



tan 



-1 



0.5 
0.75 



-tan 



-1 



-0.5 
0.75 



= 0.1176 



By reciprocity, F 14 = (A^A^F^ = (tcD/w)F 41 = (71 x 0.2 m/1 m) x 0.1176 = 0.1872. Applying the 
summation rule with Fb - F 15 yields F i2 + 2Fo + F i4 = 1 or F13 = F15 = (1 - F 12 - F i4 )/2 = (1 - 
0.3524 - 0.1872)/2 = 0.2302. Equation 13.17 becomes 



qi = 0 = Al a[F 12 (t 4 - T 4 ) + F 13 ( T 4 - T 4 ) + F 14 (T 4 - T 4 ) + F 15 ( T 4 - T 4 * 



or 



Fi 2 T 2 4 + F 13 T 3 4 + F 14 T 4 + F 15 T 4 
F12 + F13 + F14 + F15 



1/4 



Tj = [0.3524 x (600 K) 4 +0.2302x(575 K) 4 + 0.1 872 x (555 K) 4 +0.2302x(585 K) 4 ] 1M = 583 K < 



COMMENTS: If the walls were all at the same temperature, the steady-state temperature of the 
rod would be the same value and would be independent of location within the oven. 
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PROBLEM 13.24 

KNOWN: Circular plate (Ai) maintained at 600 K positioned coaxially with a conical shape (A2) 
whose backside is insulated. Plate and cone are black surfaces and located in large, insulated 
enclosure at 300 K. 

FIND: (a) Temperature of the conical surface T2 and (b) Electric power required to maintain plate at 
600 K. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Plate and cone are black, (3) Cone behaves as 
insulated, reradiating surface, (4) Surroundings are large compared to plate and cone. 

ANALYSIS: (a) Recognizing that the plate, cone, and surroundings from a three-(black) surface 
enclosure, perform a radiation balance on the cone. 



= 0 = q23 + 121 = A 2P23 a ( T 2 " T 3 ) + A 2% CT ( T 2 " T l ) 



where the view factor F21 can be determined from the coaxial parallel disks relation (Table 13.2 or 
Fig. 13.5) with Ri = ri /L=250/500 = 0.5, Rj = 0.5, S = 1 + (l + R 2 )/R 2 = 1+ (1 + 0.5 2 )/0-5 2 = 6.00, 

and noting F^'j -^2\, 









1/2" 




F 21 =0.5< 




S 2 -4( rj / ri ) 2 




> = 0.s|6- 



6 2 -4(0.5/0.5)^ 



1/2 



= 0.172. 



For the enclosure, the summation rule provides, F>'3 = 1 - F2'i =1- 0. 172 = 0.828. Hence, 
0.828 (t 4 - 300 4 j = 0 + 0. 172 (t 4 - 600 4 ) 

T 2 = 413 K. 

(b) The power required to maintain the plate at T2 follows from a radiation balance, 

qi = 112 + qi3 = A l I l2 cr ( T l 4 " T 2 ) + Ailfcer (t 4 - T 3 4 J 
where Ifo = A 2 'F 2 ' 1 /A 1 =1^! =0.172 and Fi 3 = 1 - % = 0.828, 

q : = (^0.5 2 / 4 J m 2 cx 0. 172 ^600 4 - 413 4 J K 4 + 0.828 ^600 4 - 300 4 J K 4 

q 1 =1312 W. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.25 



KNOWN: Conical and cylindrical furnaces (A2) as illustrated and dimensioned in Problem 13.4 

supplied with power of 50 W. Workpiece (Ai) with insulated backside located in large room at 300 
K. 

FIND: Temperature of the workpiece, T1, and the temperature of the inner surfaces of the furnaces, 
T 2 . Use expressions for the view factors F21 and F22 given in the statement for Problem 13.4. 

SCHEMATIC: 



(a) Right-circular cone (b) Right-circular cylinder 




D1 = D3 = 50 mm 



F 2 1 =(Ai/A 2 )Fi3 
F 22 = 1 - (A3/A2 ) 



T sur = 300 K 



'///////////////////// 





T SU r = 300 K 




D, 



'///////////////////// 

\+— -d,- — h 



ASSUMPTIONS: (1) Diffuse, black surfaces with uniform radiosities, (2) Backside of workpiece is 
perfectly insulated, (3) Inner base and lateral surfaces of the cylindrical furnace treated as single 
surface, (4) Negligible convection heat transfer, (5) Room behaves as large, isothermal surroundings. 

ANALYSIS: Considering the furnace surface (A2), the workpiece (Aj) and the surroundings (A s ) as 
an enclosure, the net radiation transfer from A\ and A2 follows from Eq. 13.17, 

Workpiece qi = 0 = Ai (E bl - E b2 ) + Ai T\ s (E bl - E bs ) (1) 

Furnace q 2 = 50 W = A 2 F21 (E b2 - E bl ) + A 2 F2 S (E b2 - E bs ) (2) 

4 -8 2 4 

where E u = a T and a = 5.67 x 10 W/m -K . From summation rules on Ai and A2, the view factors 

Fig and F2 S can be evaluated. Using reciprocity, F12 can be evaluated. 

F ls = l-F 12 F 2s = l-F 21 -F 22 Ej 2 = (A 2 /A 1 )F 21 

2 

The expressions for F21 and F22 are provided in the schematic. With Ai = ;z"Di / 4 the A2 are: 

J/2 



Cone: A 2 = ttD 3 12 L z +(D 3 12) 



Cylinder. A 2 = TrT)^ 1 4 + 7:T>^L 



Examine Eqs (1) and (2) and recognize that there are two unknowns, Ti and T2, and the equations 
must be solved simultaneously. Using the foregoing equations in the IHT workspace, the results are 

T Y = 544 K T 2 = 828 K < 

COMMENTS: (1) From the IHT analysis, the relevant view factors are: Ft 2 = 0.1716; F 1s = 0.8284; 

Cone: F 2 i = 0.07673, F 22 = 0.5528; Cylinder: F 2 i = 0.03431, F 22 =0.80. 

(2) That both furnace configurations provided identical results may not, at first, be intuitively obvious. 
Since both furnaces (A2) are black, they can be represented by the hypothetical black area A3 (the 
opening of the furnaces). As such, the analysis is for an enclosure with the workpiece (Ai), the 

furnace represented by the disk A3 (at T2), and the surroundings. As an exercise, perform this analysis 
to confirm the above results. 
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PROBLEM 13.26 



KNOWN: Furnace constructed in three sections: insulated circular (2) and cylindrical (3) sections, as 
well as, an intermediate cylindrical section (1) with imbedded electrical resistance heaters. Cylindrical 
sections (1,3) are of equal length. 

FIND: (a) Electrical power required to maintain the heated section at Ti = 1000 K if all the surfaces 
are black, (b) Temperatures of the insulated sections, T2 and T3, and (c) Compute and plot qi, T2 and 
T3 as functions of the length-to-diameter ratio, with 1 < L/D < 5 and D = 100 mm. 

SCHEMATIC: 



Heaters 



Insulation 




T sur = 0 K 



D = 100 mm 



L = 200 mm 



ASSUMPTIONS: (1) All surfaces are black, (2) Areas (1, 2, 3) are isothermal. 

ANALYSIS: (a) To complete the enclosure representing the furnace, define the hypothetical surface 
A4 as the opening at 0 K with unity emissivity. For each of the enclosure surfaces 1, 2, and 3, the 
energy balances following Eq. 13.17 are 

(1) 



qi = A l E 12 ( E bl " E b2 ) + A 1^3 ( E bl " E b3 ) + A 1 F 14 ( E bl - E b4 ) 
0 = A^t (E b2 - E bl ) + A^ (E b2 - E b3 ) + A^ (E b2 - E b4 ) 

0 = A3F3! (E b3 - E bl ) + A3F32 (E b3 - E b2 ) + A3F34 (E b3 - E b4 ) 
where the emissive powers are 

E bl = aT l E b2 = °" T 2 E b3 = aT 3 E b4 = 0 



(2) 
(3) 

(4-7) 



For this four surface enclosure, there are N =16 view factors and N (N - l)/2 = 4 x 3/2 = 6 must be 
directly determined (by inspection or formulas) and the remainder can be evaluated from the 
summation rule and reciprocity relation. By inspection, 

F2 2 =0 F 44 =0 (8,9) 

From the coaxial parallel disk relation, Table 13.2, find F24 

s=1+ i±iL 1+ w°^)L 18 .oo 



(0.250) 

R 2 = r 2 / L = 0.050 m / 0.200 m = 0.250 

1I/2] 



R 4 =r 4 /L = 0.250 



^=0.5 S - 



S -4(r 4 /r 2 )^ 



F^ =0.5^ 18.00 - 



18.00 2 -4(l) / 



1/2 



= 0.0557 



(10) 



Consider the three-surface enclosure 1-2-2' and find Fi 1 as beginning with the summation rule, 

Continued 
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PROBLEM 13.26 (Cont) 

I\l =1-^2-^2' 
where, from symmetry, Fj2 = Fj2', an d using reciprocity, 

% = A 2 ¥ ll IA l =^D 2 /4)^ 3 /(^DL/2) = DI^ 1 /2L 

and from the summation rule on A2 

P21 = l ~ F 22' =1-0.172-0.828, 
Using the coaxial parallel disk relation, Table 13.2, to find F^s 

,2 



1 + R 2 , l + 0.50 z 
S = l + r^- = l + — = 6.000 



0.50 z 



R 2 = r 2 /L = 0.050 m/ (0.200 /2 m) = 0.500 

,nl/2l 



1^2' =0.5 S- 



S -4(r 2 -/r 2 ) / 



R 2 ' = 0.500 



(11) 



(12) 



(13) 



1^2' =0.5 6- 



6 2 -4(l) z 



1/2 



= 0.1716 



Evaluating F12 from Eq. (12), find 

F^ =0.100 mx 0.828/2 xO.200 m = 0.2071 

and evaluating Fi 1 from Eq. (11), find 

Fjj =1-2xFj 2 =1-2x0.207 = 0.586 

From symmetry, recognize that F33 = Fn and F43 = F21. To this point we have directly determined 

six view factors (underlined in the matrix below) and the remaining Fy can be evaluated from the 

summation rules and appropriate reciprocity relations. The view factors written in matrix form, [Fy] 
are. 



0.5858 
0.8284 
0.1781 
0.1158 



0.2071 
0 

0.02896 
0.05573 



0.1781 
0.1158 
0.5858 
0.8284 



0.02896 
0.05573 
0.2071 
0 



Knowing all the required view factors, the energy balances and the emissive powers, Eqs. (4-6), can be 
solved simultaneously to obtain: 



q!= 255W E b2 = 5.02xl0 4 W/m 2 



T 2 =970K T 3 = 837.5 K 



E b3 =2.79xl0 4 W/m 2 



< 
< 



Continued 
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PROBLEM 13.26 (Cont.) 



(b) Using the energy balances, Eqs. (1-3), along with the 1HT Radiation Tool, View Factors, Coaxial 
parallel disks, a model was developed to calculate qi, T2, and T3 as a function of length L for fixed 
diameter D = 100 m. The results are plotted below. 



cr 

(D 
3 
o 

Q_ 
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Overall length, L (mm) 



0) 
Q. 

E 

<D 
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-A— 




—A 






& — 



















100 200 300 400 
Overall length, L (mm) 



500 



-© — Bottom surface, T2 
-a— Cylindrical section, T3 



For fixed diameter, as the overall length increases, the power required to maintain the heated section at 
Ti = 1000 K decreases. This follows since the furnace opening area is a smaller fraction of the 
enclosure surface area as L increases. As L increases, the bottom surface temperature T2 increases as 
L increases and, in the limit, will approach that of the heated section, Ti = 1000 K. As L increases, the 
temperature of the insulated cylindrical section, T3, increases, but only slightly. The limiting value 
occurs when Eb3 = 0.5 x Ej,i for which T3 — > 840 K. Why is that so? 
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PROBLEM 13.27 

KNOWN: Dimensions and temperature of a rectangular fin array radiating to deep space. 
FIND: Expression for rate of radiation transfer per unit length from a unit section of the array. 
SCHEMATIC: 




A -i = W 



ASSUMPTIONS: (1) Surfaces may be approximated as blackbodies, (2) Surfaces are isothermal, (3) 
Length of array (normal to page) is much larger than W and L. 

ANALYSIS: Deep space may be represented by the hypothetical surface A3, which acts as a 

blackbody at absolute zero temperature. The net rate of radiation heat transfer to this surface is 
therefore equivalent to the rate of heat rejection by a unit section of the array. 



q 3 = Ai % <r(lf -T 3 4 ) + A' 2 ^3 ^T 4 -T 4 ) 



With A' 2 F 23 = A3 F32 = Ai T\ = T 2 = T and T 3 = 0, 



q 3 = A^F^+F^crT 4 = WctT' 



Radiation from a unit section of the array corresponds to emission from the base. Hence, if blackbody 
behavior can, indeed, be maintained, the fins do nothing to enhance heat rejection. 

COMMENTS: (1) The foregoing result should come as no surprise since the surfaces of the unit 
section form an isothermal blackbody cavity for which emission is proportional to the area of the 
opening. (2) Because surfaces 1 and 2 have the same temperature, the problem could be treated as a 
two-surface enclosure consisting of the combined (1, 2) and 3. It follows that q3 = qj^ 2^3 = A^ 2) 

^(l 2)3 = A3 2) cT 4 = W<rT 4 , (3) If blackbody behavior cannot be achieved 
{s\,£2 < l) > enhancement would be afforded by the fins. 
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PROBLEM 13.28 

KNOWN: Dimensions and temperatures of side and bottom walls in a cylindrical cavity. 

FIND: Emissive power of the cavity. 

SCHEMATIC: 




T Z =700K } A Z 

T^IOOOK, Aj-k:* ~T_^ 



ASSUMPTIONS: (1) Blackbody behavior for surfaces 1 and 2 
ANALYSIS: The emissive power is defined as 
E = q 3 /A 3 

where 

q3 =A 1 Pl3 E bl+ A 2 P23 E b2- 

From symmetry, F23 = F21, and from reciprocity, F21 = (A1/A2) F12. With F12 = 1 - F13, it follows 
that 

q3 = A l Fl3 E bl + A l (1 " II 3 ) E b2 = A l E b2 + A l *b ( E bl " E b2 ) • 
Hence, with Aj = A3, 

E = ^- = E b2 + E 13( E bl- E b2) = ^T 2 4 + F 13 a(T 1 4 -T 2 4 ). 
From Fig. 13.5, with (L/rO = 4 and (rj/L) = 0.25, F13 * 0.05. Hence 

E = 5 .67 x 1 0" 8 W / m 2 • K 4 (700 4 )K 4 + 0.05 x 5 .67 x 1 0" 8 W / m 2 • K 4 ( 1 000 4 - 700 4 j K 4 
E = 1.36xl0 4 W/m 2 +0.22xl0 4 W/m 2 



E = 1.58xl0 4 W/m 2 . 
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PROBLEM 13.29 

KNOWN: Aligned, parallel discs with prescribed geometry and orientation. 

FIND: Net radiative heat exchange between the discs. 

SCHEMATIC: 



r 



^\-D 0 =0.2m 

\< , >l Df = 0.15m 



ing-shaped c//\sc, 
L=lm \ A Z ,TZ = 10O0K 



1 



Disc, A li T 1 =SOOK,D 1 = 30mm 



ASSUMPTIONS: (1) Surfaces behave as blackbodies, (2) Ai « A 2 . 

ANALYSIS: From Eq. 13.14, qy = AiFij(Ji - Jj) where J; = aT ; 4 and Jj = aT t 4 . Therefore, 

112 = A l ^2 ^( T l 4 - T 2 )■ 

The view factor can be determined from Eq. 13.8 which is appropriate for a small disc, aligned and 
parallel to a much larger disc. 

E - 



y ~ 2 2 

Dj + 4L Z 



where Dj is the diameter of the larger disk and L is the distance of separation. It follows that 
Fl2 = ^lo ~ fli = 0.00990 - 0.00559 = 0.0043 1 

where 

Fi 0 =Do/(Do+4L 2 J = 0.2 2 m 2 /(o.2 2 m 2 +4xl m 2 ) = 0.00990 

Fjj = Dj / (d 2 + 4L 2 J = 0. 15 2 m 2 / (o. 15 2 m 2 + 4 x 1 m 2 J = 0.00559. 

The net radiation exchange is then 

\2 



n (0.03m) _ 8 W / 4 4 \ 4 

q 12 =— — x 0.0043 1x5.67x10 8 — -1500 -1000 K = -0.162 W. 

4 m 2 -K 4V ; 



COMMENTS: F12 can be approximated using solid angle concepts if D G « L. That is, the view 
factor for Ai to A 0 (whose diameter is D 0 ) is 

ft>o-l _ A Q /L 2 _ _ D 2 

Numerically, F lo = 0.0100 and it follows Rj * D 2 / 4L 2 = 0.00563. This gives F 12 = 0.00437. An 
analytical expression can be obtained from Ex. 13.1 by replacing the lower limit of integration by 
Dj/2, giving 



Il2=L 2 



-1/(d 2 /4 + L 2 J + 1/(d 2 /4 + L 2 J 



= 0.00431. 
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PROBLEM 13.30 

KNOWN: Two black, plane discs, one being solid, the other ring-shaped. 
FIND: Net radiative heat exchange between the two surfaces. 
SCHEMATIC: 



A 2 ^=1000K 
A lt li=300K 




D n =80c7n 



ASSUMPTIONS: (1) Discs are parallel and coaxial, (2) Discs are black, diffuse surfaces, (3) 
Convection effects are not being considered. 

ANALYSIS: From Eq. 13.14, qij = A^J; - Jj) where J; = aT* and Jj = ctT* . Therefore, 



112 



AlIl2^(Ti 4 -T 2 4 ) 



The view factor F12 can be determined from Fig. 13.5 after some manipulation. Define these two 
hypothetical surfaces; 

;rD? 

At. = , located co-planar with A?, but a solid surface 

4 

A4 = , located co-planar with A2, representing the missing center. 

4 

From view factor relations and Fig. 13.5, it follows that 
F12 = % -F14 = 0.62 - 0.20 = 0.42 



F14: 



F13: 



Hence 



rj _ 40/2 
L ~ 20 

rj _ 80/2 
L ~ 20 



1, 



= 2, 



L _ 20 
q ~ 80/2 



0.5, 



20 



q 80/2 



= 0.5, 



^4 =0.20 
Ft 3 =0.62. 



q 12 = ^0.80 2 / 4 J m- x 0.42 x 5.67 x 10 0 W / m~ ■ K" ^300^ - 1000** j K 
q 12 =-11.87 kW. 

Assuming negligible radiation exchange with the surroundings, the negative sign implies that qi = 
11.87 kW and q 2 = +11.87 kW. 



2 T ^4 



4\ T ^4 
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PROBLEM 13.31 



KNOWN: Radiometer viewing a small target area (1), Ai, with a solid angle co = 0.0008 sr. Target 

2 

has an area Ai = 0.004 m and is diffuse, gray with emissivity 8 = 0.8. The target is heated by a ring- 
shaped disc heater (2) which is black and operates at T2 = 1000 K. 

FIND: (a) Expression for the radiant power leaving the target which is collected by the radiometer in 
terms of the target radiosity, Jj, and relevant geometric parameters; (b) Expression for the target 
radiosity in terms of its irradiation, emissive power and appropriate radiative properties; (c) 
Expression for the irradiation on the target, Gi, due to emission from the heater in terms of the heater 

emissive power, the heater area and an appropriate view factor; numerically evaluate Gi; and (d) 
Determine the radiant power collected by the radiometer using the foregoing expressions and results. 

SCHEMATIC: 

f^"" } Radiometer 



H — D Q = 0.5 m 



T 



EZZZZZZZ II Y////ZZ3 ' 



I — D, = 0.25 m 

N Heater, A 2 



L = 0.25 m \j \ md _, = 0.0008 sr T 2 = 1 000 *■ *2 = 1 

Sample, /\ 1 = 0.0004 m 2 
T A = 500 K, E1 = 0.8 

ASSUMPTIONS: (1) Target is diffuse, gray, (2) Target area is small compared to the square of the 
separation distance between the sample and the radiometer, and (3) Negligible irradiation from the 
surroundings onto the target area. 

ANALYSIS: (a) From Eq. (12.6) with Ii = Ii, e +r = Jl/"> the radiant power leaving the target collected 
by the radiometer is 

Ji . 

qi^rad =— A l cos ^rad-l < W 

n 

where Oi = 0° and co ra d-i is the solid angle the radiometer subtends with respect to the target area. 

(b) From Eq. 13.10, the radiosity is the sum of the emissive power plus the reflected irradiation. 

J 1 =E 1 + pG 1 =eE hl +(l-s)G 1 < (2) 

where E^ = crTj 4 and p = 1 - s since the target is diffuse, gray. 

(c) The irradiation onto Gi due to emission from the heater area A2 is 

A l 

where q2-»i is the radiant power leaving A2 which is intercepted by Ai and can be written as 

q2^1 = A 2 ^21 E b2 (3) 
where E^2 = cr T2 . F21 is the fraction of radiant power leaving A2 which is intercepted by Aj. The 
view factor F12 can be written as 

Continued 
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PROBLEM 13.31 (Cont) 

%=fl-o-fi-i 112=0.5-0.2 = 0.3 

where from Eq. 13.8, 

D 2 0 5 2 

F_ 0 = 0 = — = 0.5 (3) 

1—0 9 o 9 9 ^ ' 

D^+4L 2 0.5 2 +4(0.25f 

D. 2 0.25 2 
Fi_i = ! = = 0.2 

D 2 +4L 2 0.25 2 + 4(0.25) 2 
and from the reciprocity rule, 

AiE; 2 0.0004m 2 x 0.3 
% = — — = -, r = 0.000815 

A 2 nl\ 0.5 2 -0.25 2 m 2 
Substituting numerical values into Eq. (3), find 

n /4^0.5 2 - 0.25 2 J m 2 x 0.000815 x 5.67 x 10" 8 W / m 2 • K 4 (1000 K) 4 



Gi = 



0.0004 m 2 



G : =17,013W/m 2 < 

(d) Substituting numerical values into Eq. (1), the radiant power leaving the target collected by the 
radiometer is 

qi->rad = ( 6238 W/m 2 /^rsrJx 0.0004 m 2 xlx 0.0008 sr = 635 //W < 
where the radiosity, Jj, is evaluated using Eq. (2) and Gi. 

J! =0.8x5.67 xlO" 8 W/m 2 -K 4 x (500 K) 4 +(l-0.8)xl7,013W/m 2 

J! =(2835 + 3403) W/m 2 =6238 W/m 2 < 

COMMENTS: (1) Note that the emitted and reflected irradiation components of the radiosity, Ji, are 
of the same magnitude. 

(2) Suppose the surroundings were at room temperature, T sur = 300 K. Would the reflected irradiation 
due to the surroundings contribute significantly to the radiant power collected by the radiometer? 
Justify your conclusion. 
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PROBLEM 13.32 



KNOWN: Thin-walled, black conical cavity with opening D = 10 mm and depth of L = 12 mm that is 
well insulated from its surroundings. Temperature of meter housing and surroundings is 25.0°C. 

2 

FIND: Optical (radiant) flux of laser beam, G Q (W/m ), incident on the cavity when the fine-wire 
thermocouple indicates a temperature rise of 10.1°C. 

SCHEMATIC: 




ASSUMPTIONS: (1) Cavity surface is black and perfectly insulated from its mounting material in 
the meter, (2) Negligible convection heat transfer from the cavity surface, and (3) Surroundings are 
large, isothermal. 

ANALYSIS: Perform an energy balance on the walls of the cavity considering absorption of the laser 
irradiation, absorption from the surroundings and emission. 

Ein — E ou t = 0 

A G G 0 +A 0 G sur -A G E b (T c ) = 0 

2 

where A„ = jiD /4 represents the opening of the cavity. All of the radiation entering or leaving the 

cavity passes through this hypothetical surface. Hence, we can treat the cavity as a black disk at T c . 

4 -8 2 4 

Since G sur = Eb (T sur ), and Eb = a T with a = 5.67 x 10 W/m -K , the energy balance has the form 

G G + cr(25.0 + 273) 4 K 4 - cr(25.0 + 10.1 + 273) 4 K 4 = 0 

G n = 63.8 W/m 2 < 
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PROBLEM 13.33 



KNOWN: Electrically heated sample maintained at T s = 500 K with diffuse, spectrally selective 
coating. Sample is irradiated by a furnace located coaxial to the sample at a prescribed distance. 

Furnace has isothermal walls at Tf = 3000 K with Sf = 0.7 and an aperture of 25 mm diameter. Sample 

2 

experiences convection with ambient air at Too = 300 K and h = 20 W/m K. The surroundings of the 
sample are large with a uniform temperature T sur = 300 K. A radiation detector sensitive to only 
power in the spectral region 3 to 5 Lxm is positioned at a prescribed location relative to the sample. 

FIND: (a) Electrical power, P e , required to maintain the sample at T s = 500 K, and (b) Radiant power 
incident on the detector within the spectral region 3 to 5 Lxm considering both emission and reflected 
irradiation from the sample. 



SCHEMATIC: 



Furnace 

7>=3000K, e f =0.7 



/_,,,= 750 mm j 

T m = 300 K 
h =20 W/m 2 K 145° 



25 mm Z*^ 
<%g- Detector T * w 

^ ^ d = 8x10- 5 m 2 
■ /L ad = 1 m 

00 K, D s = 20 mm, e x 
Sample mount 



= 300 



7% 



0.8 



0.2 



X (nm) 



ASSUMPTIONS: (1) Steady-state condition, (2) Furnace is large, isothermal enclosure with small 
aperture and radiates as a blackbody, (3) Sample coating is diffuse, spectrally selective, (4) Sample 
and detector areas are small compared to their separation distance squared, (5) Surroundings are large, 
isothermal. 

ANALYSIS: (a) Perform an energy balance on the sample mount, which experiences electrical power 
dissipation, convection with ambient air, absorbed irradiation from the furnace, absorbed irradiation 
from the surroundings and emission, 

a Pf a sur G sur e£ 

riiTiTT i i rrffi 



^in E out - 0 



P e + [-h (T s - T^ ) + of G f + « sur G sur - eE b (T s )] A s = 0 
(1) 

where Ej, (T s ) = crT s 4 and A s = hD^ 1 4. 



Irradiations on the sample: The irradiation from the furnace aperture onto the sample can be written 

as 



G f = 



q f ^ s _ A f F fs E b)f _ A f F fs crT f 4 



(2) 



2 2 

where Af = ^Df / 4 and A s - ;rD s I A. The view factor between the furnace aperture and sample 
follows from the relation for coaxial parallel disks, Table 13.2, 



R f = r f /L sf = 0.0125 ml 0.750 m = 0.01667 

„ , 1 + R? , 1 + 0.01333 2 ^ nnn 
S = 1 + -4- = 1 + — = 3600.2 



R s =r s /L sf =0.0100 ml 0.750 m = 0.01333 



Rf 2 



0.01667 z 



Continued 
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PROBLEM 13.33 (Cont.) 



F sf =0.5 S- 



S 2 -4(r s /r f ) : 







rH 


3600- 



3600 2 - 4(0.05 /0.0625) 2 



1/2 



= 0.000178 



Hence the irradiation from the furnace is 



n ( 0.025 m) 2 / 4 x 0.000178 x 5.67 x 10 8 W / m 2 • K 4 ( 3000 K) 4 7 

G f =— i '- ; : 5 ^- = 1277W/ni 



020 2 m 2 /4| 



The irradiation from the surroundings which are large compared to the sample is 
G sur = crT 4 ur = 5.67 x 10" 8 W / m 2 • K (300K) 4 = 459 W / m 2 

Emissivity of the Sample: The total hemispherical emissivity in terms of the spectral distribution can 
be written following Eq. 12.36 and Eq. 12.28, 

s = 0.8 x 0.066728 + 0.2 [l - 0.066728] = 0.240 

where, from Table 12.1, with \T S = 4 //m x 500 K = 2000 //m- K, F^ 0 _^ T ) = 0.066728. 

Absorptivity of the Sample: The total hemispherical absorptivity due to irradiation from the furnace 
follows from Eq. 12.44, 

Of =efl(p-A L T [ ) + e 2 i-^O-^Tf) =0.8x0.945098 + 0.2 [1-0.945098] = 0.767 

where, from Table 12.1, with A{I f = 4//mx3000 K = 12,000 fim- K, Ify-AT) = 0.945098. The 
total hemispherical absorptivity due to irradiation from the surroundings is 

«sur = ^ 0-^Tsur ) + E 2 \} ~ F (0-^T sur ) ] = °- 8 x °" 00234 + °- 2 i l ~ 0-0021 34] = 0.201 
where, from Table 12.1, with \T SUI = 4 jumx 300 K = 1200 jum- K,F^ 0 _^ T ) = 0.002134. 

Evaluating the Energy Balance: Substituting numerical values into Eq. (1), 

.2 Wcnn onnW n^,.,^w,_2 



+20 W / m z • K (500 - 300) K - 0.767 x 1 277 W / 
-0.201 x 459 W / m 2 + 0.240 x 5.67 x 10" 8 W / m 2 • K 4 (500 K) 4 



P e =1.256 W -0.308 W - 0.029 W + 0.267 W = 1.19 W 



x 4/1 xx (0.02m) 2 j 



(b) The radiant power leaving the sample which is incident on the detector and within the spectral 
region, AX = 3 to 5Lxm, follows from Eq. 12.6 with Eq. 12.28, 

q S -d,A2 = [ E s,AA + G f ,ref ,AA + G sur,ref ,AA ] (l / n ) A s cos #s 1 A d cos °A 1 L sd 
where 0 S = 45° and 0d = 0°. The emitted component is 

E s,Al = £ A,b E Ji,b ( T s) 



E s,A^ - { £ 1 [ F (0-4//m,T s ) - F (0-3//m,T s ) + £ 2 [ F (0-5//m,T s ) - F (0-4//m,T s ) 



crT, 



Continued 
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PROBLEM 13.33 (Cont.) 

E s,AA = {0.8 [0.066728 - 0.013754] + 0.2 [0. 16169 - 0.066728]} a (500K) 4 = 217.5 W / m 2 
where, from Table 12.1, I^o-3//m,T s ) = 0.013754 at AT = 3 jum x 500 K = 1500 jum-K; 
F (0-4/ym,T s ) = °- 066728 at ^ = 4//m x 500 K = 2000 jim-K; and I^o-5 iU m,T s ) = 0.16169 at XT = 
5\xm x 500 K = 2500 Lim-K. 

The reflected irradiation from the furnace component is 

G f,ref,Al = J 3 5/ym ( 1 -^) G f,l d/l 
where Gf,x « Ex,b(Tf), using band emission factors, 

Gf ,ref M ={( l ~ £ ) [ F (0-4//m,T f ) " F (0-3//m,T f ) ] + ( l ~ £ 2 ) [ F (0-5//m,T f ) " F (0-4//m,T f ) ]} G f 

G f ,ref M = {°- 2 [°- 945 1 " °- 890 °] + 0.8 [0.9700 - 0.945 1]} 1277 W / m 2 = 39.5 1 W / m 2 
where, from Table 12.1, I^0-3//m,T f ) = 0-8900 at XTf=3 \un x 3000 K = 9000 Lim-K; 
F (0-4/vm,T f ) = 0-9451 at XT f = 4 Lim x 3000 K = 12,000 Lim-K; and, I^0-5//m,T f ) = 0-9700 at XT f = 
5 Lim x 3000 K = 15,000 um-K. 

The reflected irradiation from the surroundings component is 

G sur,ref,Al = Jg^C 1 ~ S X )°ref ,X AX 
where G re f,x ~ Ex, (T sur ), using band emission factors, 

G sur,ref,A^ = {(* ~ £ 1 )[ F (0-4//m,T sur ) " F (0-3//m,T sur )] 

+ (l-s 2 ) F (0-5//m,T sur ) _F (0-4//m,T sur ) G sur 
G surrefA/l ={0.2 [0.002134 -0.0001685] -0.8 [0.013754 -0.002134]} 459 W/m 2 =4.44 W/m 2 
where, from Table 12.1, I^0-3//m,T sur ) = 0.0001685 at XT sur = 3 Lim x-300 K = 900 Lim-K; 
F (0-4/vm,T sur ) = 0.002134 at XT sur - 4 Lim x 300 K = 1200 ixm-K; and ^0-5//m,T sljr ) = 0- 013754 at 
XT sm = 5 ixm x300 K=1500 Lxm-K. Returning to Eq. (3), find 

%d,AA =[217.5 + 39.51 + 4.44]W/m 2 (l/^-) ^(0.020 m) 2 /4 

cos45°x8xl0" 5 m 2 xcos0°/(l m) 2 -1.48 //W < 

9 

COMMENTS: (1) Note that Ff s is small, since Af, A s « L sf . As such, we could have evaluated 
qf-^s using Eq. 12.6 and found 



E b>f /xA f (A s /L 2 f 



G f = * ^ = 1276W/m 2 

(2) Recognize in the analysis for part (b), Eq. (3), the role of the band emission factors in calculating 
the fraction of total radiant power for the emitted and reflected irradiation components. 
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PROBLEM 13.34 

KNOWN: Water-cooled heat flux gage exposed to radiant source, convection process and 
surroundings. 

FIND: (a) Net radiation exchange between heater and gage, (b) Net transfer of radiation to the gauge 
per unit area of the gage, (c) Net heat transfer to the gage per unit area of gage, (d) Heat flux indicated 
by gage described in Problem 3.98. 



SCHEMATIC: 




1 




■D h =Z00mm, £ h =l,~%=800K 

1 2Z 



L=0.5m \ T m ^Z7°C^0OKr^ Um 

D s =10mm, £g = 1,1^=1 7"C =2 90K 




T sur --27Z-Z00K- 



ASSUMPTIONS: (1) Heater and gauge are parallel, coaxial discs having blackbody behavior, (2) A g 
« Ah, (3) Surroundings are large compared to Ah and A g . 

ANALYSIS: (a) The net radiation exchange between the heater and Jhe gage, both with blackbody 
behavior, is found from qy = AjFjj(Ji - Jj) where J; = a T ; and Jj = a T i . Therefore, 

%-g = A h Fhg ^( T h - T g ) = A g F gh <r( T h - T g )■ 
Note the use of reciprocity, Eq. 13.3, for the view factors. From Eq. 13.8, 

F gh = D 2 , /(4L 2 + D 2 , ) = (0.2m) 2 l[4x 0.5 2 m 2 + 0.2 2 m 2 J = 0.0385. 



^0.01 2 m 2 /4j; 



q h _ g = I /tO.O l-m-/4 |x().0385 <5.67 <10 8 W/m 2 -K 4 



800 4 -290 4 



K 4 = 69.0 mW. 



(b) The net radiation to the gage per unit area will involve exchange with the heater and the 
surroundings. 

4net,rad = ~% I A g = %-g I A g + Qsur-g I A g- 
The net exchange with the surroundings is 

1sur-g = A sur^sur-g ^^sur _ ^g j = A g F g-sur ^^sur _ ^g j- 

69.0xlO~ 3 W , N _ 8 9 A I 4 4\ 4 2 

Inetrad = + (1-0.0385)5.67x10 W/m • K I 300 - 290 IK = 934.5 W/m . 

;r(0.01m) 2 /4 V ' 



(c) The net heat transfer rate to the gage per unit area of lq " 
the gage follows from the surface energy balance J^")net;rad^ hff^-T) 

n" — n " 4- n " — — — — — — — — — 

4net,in _ 4net,rad + Iconv \ ^ { { K \ \ V^X^^Tl 

4net,in =934.5 W/m 2 + 15W/m 2 • K (300-290) K 1 ^")ttet t in ' 

qnet,in= 1085 W/m 2 . < 

(d) The heat flux gage described in Problem 3.98 would experience a net heat flux to the surface of 

2 4 2 

1085 W/m . The irradiation to the gage from the heater is G g = qh^. g /A g = F g h oT^ = 894 W/m . 

Since the gage responds to net heat flux, there would be a systematic error in sensing irradiation from 
the heater. 
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PROBLEM 13.35 



KNOWN: Long cylindrical heating element located a given distance above an insulated wall exposed 
to cool surroundings. Diameter and temperature of heating element. Surroundings temperature. 

FIND: (a) Maximum temperature attained by wall, (b) Plot the wall temperature over the range -100 
mm < x < 100 mm. 



SCHEMATIC: 



1=40 mm 



✓""V — R-10mm 

{^Q^HeaHng elementJ^lOOK 
I | ^-Ins ulated wall 

T sur =300K 1- 




40 



-> x(mm) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Insulated wall, (3) Negligible conduction in wall, 
(4) All surfaces are black. 



ANALYSIS: (a) We begin with a general analysis for 
the temperature at any point x. Consider an elemental 

area dA 0 at point x. Since the wall is insulated and 

conduction is negligible, the net radiation leaving dA G is 
zero. From Eq. 13.17 (divided by A;), 



Z*VTa 



1?r 



qo = qo,h + qo,sur = F o,h CT ( T o " T h ) + F o,sur CT ( T o " T s1jr) = 0 



(1) 



where F 0 sur = 1 - F 0; h and F 0; h can be found from the relation for a cylinder and parallel rectangle, 
Table 13.1, with S2 = x and si = s 2 + 8, in the limit as 8 — »0. From a Taylor series expansion, 



Thus, 



lim tan 

8^0 



F o,h = 



-1 



S2 + 5 
L 



s l" s 2 



tan 



= tan 



-1 s l 



-1 



+■ 



5/L 



i+(s 2 /Lr 



tan 



-is 2 



8/L 



l + (s 2 /L) z 



r/L 



l + (x/L) z 



(2) 



Rearranging Eq. (1) and substituting numerical values, find 

A , U . W4 - lM 
l sur 



T = 



Fo,hT h 4 + (l-F 0 , h )T s ^ 
The maximum value of T Q will occur at x = 0, where F 0jh = r/L = 10/40 = 0.25. Thus, 



l o, max 



0.25(700 K) 4 + (1-0.25) (300 K) 4 



1/4 



= 507 K 



(3) 



(b) Eq. (3) can be evaluated with Eq. (2) for F o h , over the range -100 mm < x < 100 mm. The results 
are shown below. 



Continued... 
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PROBLEM 13.35 (Cont) 



Surface Temperature vs. Horizontal Distance 

525 -r 

500 - 

475 - 

£ 450 - 
H 

425 - 
400 - 
375 - 
350 - 

-0.1 -0.06 -0.02 0.02 0.06 0.1 

x(m) 

COMMENTS: (1) Note the importance of the assumptions that the wall is insulated and conduction 
is negligible. (2) In calculating F 0; h we are finding the view factor for a small area or point. As an 
alternative to using a Taylor series expansion, the value can be found by evaluating the view factor 
from the equation in Table 13.1 for progressively smaller values of si - S2 until the value converges. 




Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.36 



KNOWN: Diameter and pitch of in-line tubes occupying evacuated space between parallel pi; 
prescribed temperature. Temperature and flowrate m of water through the tubes. 

FIND: (a) Tube surface temperature T s for rh = 0.20 kg/s, (b) Effect of rh on T s . 

SCHEMATIC: 

jTp = 1000 K 



ates of 



S = 20 mm « Water 

0O0GT ^= 300K - 

D=15mm r g„„„„ vacuum 



-T p = 1000 K 



ASSUMPTIONS: (1) Surfaces behave as blackbodies, (2) Negligible tube wall conduction 
resistance, (3) Fully-developed tube flow. 

PROPERTIES: Table A-6, water (T m = 300 K): u. = 855 x 10" 6 N-s/m 2 , k = 0.613 W/m-K, Pr = 5.83. 
ANALYSIS: (a) Performing an energy balance on a single tube, it follows that q ps = q con v> or 

ApF ps a(T p 4 -T s 4 ) = hA s (T s -T m ) 
From Table 13.1 and D/S = 0.75, the view factor is 



Fps=l" 



1- 



1/2 



U J 



r,2 



tan 



A/2 



D 



D 



= 0.881 



With Re D =4m/;rD// = 4(0.20 kg/s)/ n (0.015 m) 855x10 6 N-s/m 2 =19,856, fully-developed 
turbulent flow may be assumed, in which case Eq. 8.60 yields 



h = ^(0.023Re 4/5 Pr°- 4 ) = 



0.613 W/m-K 



(0.023)(19,856) 4/5 (5.83) u ^ = 5220 W/m 2 • K 



0.4 



0.015m 

Hence, with (Ap/A s ) = 2SM) = 0.849, 



T -T 

A s m 



? ( 4 4 \ 0.881x5.67x10 8 W/m 2 -K 4 
T P " Ts / .„ 2 



F ps°" A P ( T 4 T 4\ 
h A. V / 



5220 W/m-K 



(0.849)(T p 4 -T s 4 ) 



With T m = 300 K and T p = 1000 K, a trial-and-error solution yields 



T s = 308 K 



(b) Using the Correlations and Radiation Toolpads of IHT to evaluate the convection coefficient and 
view factor, respectively, the following results were obtained. 




O.IS 0.2 
s flowrate, mdot(kg/s) 



The decrease in T s with increasing rh is due to an increase in h and hence a reduction in the convection 
resistance. 



COMMENTS: Due to the large value of h, T s « T p . 
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PROBLEM 13.37 

KNOWN: Insulated wall exposed to a row of regularly spaced cylindrical heating elements. 
FIND: Required operating temperature of the heating elements for the prescribed conditions. 
SCHEMATIC: 



To=450K 



T- 



|< >f- s^ZOmml 



Heating^. 



ASSUMPTIONS: (1) Upper and lower walls are isothermal and infinite, (2) Lower wall is insulated, 
(3) All surfaces are black, (4) Steady-state conditions. 

ANALYSIS: Perform an energy balance on the insulated wall considering convection and radiation, 
^in ~~ ^out = _< ll _ Iconv = u 

where qj is the net radiation leaving the insulated 
wall per unit area. We know qy = AjFj^Ji - Jj) where J ; = a T ; 4 
and Jj = a T ; 4 . Therefore, 




qi = ql'e + qi2 = ^ ( T i 4 - T e 4 ) + ^12° ( T i 4 - T 2 ) 

where F12 = 1 - Fi e . Using Newton's law of cooling for q^onv SOive f° r T e , 



T 4 + 



(l-Iie)| T 4_ T 4j 



hi, x 
+ -— (Ti-^). 



The view factor between the insulated wall and the tube row follows from the relation for an infinite 
plane and row of cylinders, Table 13.1, 



fle=l- 



1- 



^2 



V 20y 



1/2 



+ 



tan 



-1 



1/2 



+ 



V 20y 



tan 



( 2 
-. -D 



D z 



' 20 -10^ 
10 2 



1/2 



xl/2 



0.658. 



Substituting numerical values, find 



T 4 = 



(500 K) 4 + l^^f500 4 -300 4 )K 4 
V ' 0.658 V / 



+ - 



200 W/m -K 



5.67xl0" 8 W/m 2 -K 4 0-658 



(500- 450) K 



T e = 774 K. < 

COMMENTS: Always express temperatures in kelvins when considering convection and radiation 
terms in an energy balance. Why is Fi e independent of the distance between the row of tubes and the 
wall: 
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PROBLEM 13.38 

KNOWN: Surface radiative properties, diameter and initial temperature of a copper rod placed in an evacuated 
oven of prescribed surface temperature. 

FIND: (a) Initial heating rate, (b) Time t^ required to heat rod to 1000 K, (c) Effect of convection on heating 
time. 

SCHEMATIC: 



Rod (1) 



^,= 1650 K, h 




D = 0.01m 



T: = 300 K 



T sur = 1650K 



.. Oven 



ASSUMPTIONS: (1) Copper may be treated as a lumped capacitance, (b) Radiation exchange between rod and 
oven may be approximated as blackbody exchange. 

PROPERTIES: Table A-l, Copper (300 K): p = 8933 kg/m 3 , c p = 385 J/kg-K, k = 401 W/m-K. 
ANALYSIS: (a) Performing an energy balance on a unit length of the rod, Ej n = E st , or 

dT 



dT 

q = Mc — = p 
F dt 



f 2 ^ 
xl 



V 



J 



dt 



Neglecting convection, q = q rat j = A2 F21 <7 ^T$ m - T 4 j = Aj F12 a — T^ j , where Ai = jiD x 1 and 



Fi2=l. It follows that 

dT a7lD ( T sur " T 4 ) 4(7 ( T s 4 ur " ^ ) 



(1) 



dT 
dt J { 



(1650 K) 4 -(300 K) A 



5.67x10 8 W/m 2 -K 4 



48.8 K/s. 



8933 kg / rn (0.01 m) 385 J / kg • K 

(b) Using the IHT Lumped Capacitance Model to numerically integrate Eq. (2), we obtain 

t s = 15.0 s < 

/ 4 4\ 

(c) With convection, q = q ra( i + q con v = Ai F12 cr T sur - T + hAi (Too - T), and the energy balance becomes 



dT 
dt 



4a 



(t!-t 4 ) 

pDc v 



^(T^-T) 
pDc v 



Performing the numerical integration for the three values of h, we obtain 

h(W/m 2 K): 10 100 500 

t h (s): 14.6 12.0 6.8 

COMMENTS: With an initial value of h rad;i = ct|t s 4 u1 . - T 4 \ /(T sur - T) = 3 1 1 W/m 2 -K, Bi = h rad (D/4)/k = 

2 

0.002 and the lumped capacitance assumption is justified for parts (a) and (b). With h = 500 W/m -K and h + 
h r i = 811 W/m-K in part (c), Bi = 0.005 and the lumped capacitance approximation is also valid. 
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PROBLEM 13.39 

KNOWN: Long, inclined black surfaces maintained at prescribed temperatures. 

FIND: (a) Net radiation exchange between the two surfaces per unit length, (b) Net radiation transfer 
to surface A2 with black, insulated surface positioned as shown below; determine temperature of this 
surface. 

SCHEMATIC: 



Position of insulated 
black surface, A 3 ,~7^ 



100mm 




\^100mrn^\ 



ASSUMPTIONS: (1) Surfaces behave as blackbodies, (2) Surfaces are very long in direction normal 
to page. 

ANALYSIS: (a) The net radiation exchange between two black surfaces is qy = AjFij(Jj - Jj) where Ji = 
a T; 4 and Jj = a T 4 . Therefore, 

112 = A 1 J 12 CT ( T 1 4 - T 2 ) 
Noting that Aj = widthxlength (l) and that from symmetry, F12 = 0.5, find 

(i000 4 -800 4 Jk 4 =1680W/m. < 



q{ 2 = ^- = 0.1 mx 0.5x5.67x10 8 W I m 2 ■ K 4 (lOOO 4 -800 4 ' 



(b) With the insulated, black surface A3 positioned as 
shown above, a three-surface enclosure is formed. From 
an energy balance on the node representing A2, find 

~°l2 = 132+112 

-q 2 = A3F32 [E b3 - E b2 ] + A 1 F 12 [E bl - E b2 ] . 




To find Et>3, which at present is not known, perform an energy balance on the node representing A3. 
Note that A3 is adiabatic and, hence q3 = 0, qi3 = q32- 

A lfl3 [ E bl " E b3 ] = A 3^2 [ E b3 " E b2 ] 

Since F13 = F23 = 0.5 and Ai = A3, it follows that 
E b3 =(l/2)[E bl+ E b2 ] 

and -q 2 = ( A3 / ^) P32 [(E M + E b2 ) / 2 - E b2 ] + 112 



-q 2 =0.1 mx0.5x5.67xl0 8 W/m 2 -K 4 



T000 4 + 800 4 



800^ 



K 



+1680 W/m = 2517 W/m 



Noting that E b3 = 0T3' = (1/2) [E bl +E b2 ], it follows that 



(t 4 + T 4 )/2 1M = (l000 4 +800 4 )/2 1M K = 916 K 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.40 



KNOWN: Position of long cylindrical-shaped product conveyed in an oven with non-uniform 
wall temperatures. Product diameter, temperature of surroundings and panel heaters. 

FIND: (a) Radiation incident upon the product, per unit length at product locations x = 0.5 m 
and x = 1 .0 m for a = 0, (b) Radiation incident upon the product, per unit length, at product 
locations of x = 0.5 m and x = 1.0 m for a - ji/15. 

SCHEMATIC: 




Surface 2b 



ASSUMPTIONS: (1) Two-dimensional system, (2) Steady-state conditions, (3) Blackbody 
behavior, (4) Large surroundings. 

ANALYSIS: 

Consider the cylinder and parallel rectangle arrangement of Table 13.1. We note that 



S l S 2 



-I Si _1 St 

tan —-tan — 



and by reciprocity 



Therefore, 



A t R (s 1 -s 2 )F ij 



Aj 2nr 



2k 



-1 Si _1 St 

tan — + tan — 



(1) 

Continued. 
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PROBLEM 13.40 (Cont.) 



(a) For a = 0, 



r 13a 



2n 



tan 



f-1 



tan 



-l 



-(b-a) 



where Si = a and s 2 - -(b - a). For x - 0.5 m, 



F 13a - 



2n 



tan" 



f 0.02^ 



v0.5; 



-tan 



-(0-04-0.02 
0.5 



= 0.0127 



For x - 1.0 m, 



F 13a - 



2n 



tan 



f 0.02^ 



V 1.0y 



-tan 



-(0.04-0.02^ 
1.0 



= 0.0064 



Since A 3b = 0 for a = 0, Fi 3b - 0. 

For Fi 3c we note that si = a and s 2 = -(b - a). Therefore, 



r 13c 



J_ 

2n 



tan 



-l 



f a > 
^L-x 



tan 



-l 



-(b-a) 
L-x 



For x - 0.5 m, 



r 13c 



J_ 

2n 



tan" 



0.02 
1.5 



tan 



if - (0.04-0.02 
1.5 



0.0042 



For x - 1.0 m, 



F 13c - 



2n 



tan" 



0.02 
1.0 



- tan 



-(0.04-0.02 
1.0 



= 0.0064 



Noting that F, 3 = F 13a + F 13b + F 13c , we find for x = 0.5 m, F 13 = 0.0127 + 0 + 0.0042 = 0.0169. 
Likewise for x = 1.0 m, F 13 = 0.0064 + 0 + 0.0064 = 0.0128. The radiation incident upon the 

product isq in = q 21 +q 31 = AjF^gT/ + A 3 F 31 gT3 . Noting that A 2 F 2 i = AiFi 2 = Ai(l - F i3 ) and Ai 

= 7i:DL, the preceding expression becomes 



qi„ =q in /L = 7rDa[T 2 4 (l - F 13 ) + T 3 4 F 13 ] 



(2) 



For x - 0.5 m, 



Continued. 
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PROBLEM 13.40 (Cont.) 



q in = n x 0.01m x 5.67 x 10 



For x = 1.0 m, 

q in = n x 0.01m x 5.67 x 10 



(b) For a = tt/15, 



W 



m 2 -K 4 



W 



m • K 



(500K) x (1 - 0.0169) + (300K) 4 x 0.0169 



(500K) 4 x (1 - 0.0128) + (300K) 4 x 0.0128 



= 109.7 W/m < 



= 110.1 W/m< 



r 13a 



2n 



tan 



l a + y 



tan" 



~(b-a) 

V x ; 



where y = Lsina, Si = a + Lsina and s 2 = -(b-a). 
For x - 0.5 m, 



r 13a 



J_ 

2n 



tan 



0.02 + 2sin(7t/15) 



0.5 



tan 



-(0-04-0.02 
0.5 



: 0.1205 



Likewise, for x = 1.0 m, Fi 3a = 0.0686. 
From Eq. (1), 



F 13b - 



J_ 
2tz 



( v ^ 



tan" 



v a + y y 



tan 



f o A 



v a + y y 



where P = L(l - cosa). 
For x - 0.5 m, 



r 13b 



2tc 



tan 



0.5 



0.02 + 2sin(7t/15) 



tan 



_if 0.5-2(l-cos(7t/15)) 
0.02 + 2sin(rt/15) 



= 0.0072 



Likewise, for x = 1.0 m, Fi 3b = 0.0026. The values of Fi 3c are the same as in part (a). 

For x = 0.5 m, F 13 = F 13a + F 13b + F 13c = 0.1205 + 0.0072 + 0.0042 = 0.1319. Likewise, for x = 1.0 
m, Fi 3 = 0.0686 + 0.0026 + 0.0064 = 0.0776. 



Using Eq. (2) for x = 0.5 m, 



q in = 7i x 0.01m x 5.67 x 10 



W 



m 2 -K 4 



(500K) 4 (1 -0.1319) + (300K) 4 x0.1319] = 98.5W/m < 

Continued... 
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PROBLEM 13.40 (Cont.) 

Likewise for x = 1 .0 m, 

W 



qj _ = 7i x 0.01m x 5.67 x 10~ 8 — -. T x [(500K) 4 (1 - 0.0776) + (300K) 4 x 0.0776] = 103.8W/m < 

m 2 -K 4 L 



COMMENTS: (1) For the a = 0 case, the irradiation of the product at x = 0.5 m is 99.6 % of 
the irradiation at x = 1 m, where the irradiation is maximized. The influence of the oven openings 
is very small in the central portion of the oven. (2) Modifying the tilt angle of the upper panel 
heater is effective in controlling the radiative heating of the product. However, convective heating 
and/or cooling of the product will also be affected by the change in the oven geometry. 
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PROBLEM 13.41 

KNOWN: Two horizontal, very large parallel plates with prescribed surface conditions and 
temperatures. 

FIND: (a) Irradiation to the top plate, Gi, (b) Radiosity of the top plate, Ji, (c) Radiosity of the lower 
plate, J2, (d) Net radiative exchange between the plates per unit area of the plates. 

SCHEMATIC: 

^—^-T^IOOOK, £ 2 =i 
S-—TI--500K, s z --o.a 



i'.j.v y-r 



ASSUMPTIONS: (1) Plates are sufficiently large to form a two surface enclosure and (2) Surfaces 
are diffuse-gray. 



ANALYSIS: (a) The irradiation to the upper plate is defined 

as the radiant flux incident on that surface. The irradiation to ~\ + /- \ '-»-" 

TPz E t>l '1 




the upper plate Gi is comprised of flux emitted by surface 2 
and reflected flux emitted by surface 1. y ^ £ 2^>2 



G l = £ 2 E b2 + P2 E bl = £ 2°" T 2 + (1 " £ 2 ) °" T 1 

Gj = 0.8 x 5.67 xlO~ 8 W/m 2 -K 4 (500 K) 4 +(l- 0.8) x 5.67 xlO" 8 W/m 2 -K 4 (l000 K) 4 

G x = 2835W/m 2 +ll,340W/m 2 = 14,175W/m 2 . < 

(b) The radiosity is defined as the radiant flux leaving the surface by emission and reflection. For the 
blackbody surface 1 , it follows that 

Jj = E^j = oT 4 = 5.67 xlO -8 W/m 2 • K 4 (1000 K) 4 = 56,700W/m 2 . < 

(c) The radiosity of surface 2 is then, 

h = £ 2 E b2 + P2 G 2- 

Since the upper plate is a blackbody, it follows that G2 = Ebi and 

J 2 = s 2 E hl + p 2 E hl = s 2 aT^ +l(l-e 2 ) 0?* = 14, 175 W / m 2 . < 

Note that J2 = Gi. That is, the radiant flux leaving surface 2 (J2) is incident upon surface 1 (Gi). 

(d) The net radiation heat exchange per unit area can be found by three relations. 

qj =J l -G l =(56, 700-14,175)W/m 2 =42,525 W/m 2 

qi2 = J l - J 2 = ( 56 ' 700 - 14, 175) W / m 2 = 42, 525 W/m 2 < 
The exchange relation, Eq. 13.24, is also appropriate with si = 1, 

rr rr rr 

qi = -q2 = qi2 

q{ = e 2 a (t 4 - T 2 J = 0.8 x 5.67 x 10" 8 W / m 2 • K 4 (lOOO 4 - 500 4 J K 4 = 42, 525 W / m 2 . 
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PROBLEM 13.42 

KNOWN: Dimensions and temperature of a flat-bottomed hole. 

FIND: (a) Radiant power leaving the opening, (b) Effective emissivity of the cavity, e e , (c) Limit of 
8 e as depth of hole increases. 



SCHEMATIC: 




=o.a 

^WOOK 



% 2-6! 



l-e. 



*A h F i2 e z A z 



mm 



ASSUMPTIONS: (1) Hypothetical surface A2 is a blackbody at 0 K, (2) Cavity surface is isothermal, 
opaque and diffuse-gray. 

ANALYSIS: Approximating A2 as a blackbody at 0 K implies that all of the radiation incident on A2 
from the cavity results (directly or indirectly) from emission by the walls and escapes to the 
surroundings. It follows that for A2, 82 = 1 and J2 = Eb2 =0. 



(a) From the thermal circuit, the rate of radiation loss through the hole (A2) is 

qi =( E bi- E b2V 



1 - S\ 1 1 - £9 
- + + - 

^1 A 1 A 1 R 12 £ 2 A 2 



Noting that F21 = 1 and Ai F12 = A2 F21, also that 



(1) 



-4 2 



At =^D / /4 + ^DL = ^D(D/4 + L) = ^r(0.006m)(0.006m/4 + 0.024m) = 4.807x10 m 

A 2 = nT> 2 1 4 = ;r (0.006 m) 2 / 4 = 2.827 x 10" 5 m 2 . 

4 

Substituting numerical values with Eb = ctT , find 

q : =5.67xlO" 8 W/m 2 -K 4 (l000 4 -o)K 4 / 



1-0.8 



- + - 



0.8x4.807x10 4 m 2 2.827x10 5 m 2 



+ 0 



qj =1.580 W. 



(b) The effective emissivity, s e , of the cavity is defined as the ratio of the radiant power leaving the 
cavity to that from a blackbody having the same area of the cavity opening and at the temperature of 
the inner surfaces of the cavity. For the cavity above, 



qi 



A 2 g^ 



s P =1.580W/2.827xl0 5 m 2 



^5.67 x 



10 °W/m z 



•K 4 )(1000 K) 4 



0.986. 



(c) As the depth of the hole increases, the term (1 - si)/si Ai goes to zero such that the remaining term 
in the denominator of Eq. (1) is 1/Ai F12 = I/A2 F21. That is, as L increases, qi -> A2 F21 Ebi- This 
implies that s e -> 1 as L increases. For L/D = 10, one would expect e e = 0.999 or better. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.43 

KNOWN: Long V-groove machined in an isothermal block. 

FIND: Radiant flux leaving the groove to the surroundings and effective emissivity. 
SCHEMATIC: 



T^IOOOK 




T^IOOOK, 
i x -0.6 




ASSUMPTIONS: (1) Groove surface is diffuse-gray, (2) Groove is infinitely long, (3) Block is 
isothermal. 

ANALYSIS: Define the hypothetical surface A2 with T2 = 0 K. The net radiation leaving Aj, qi, 
will pass to the surroundings. From the two surface enclosure analysis, Eq. 13.18, 



qi = -Q2 = 



II I 4 T2 



1 - £\ 1 1 - S 7 

L + + 



^1 A 1 A lfk ^2 A 2 
Recognize that S2 = 1 and that from reciprocity, Ai F12 = A2 F21 where F21 = 1. Hence, 

IT, 4 T 2 4 



qj 

A 2 1-gj A 2 | i 
s x Aj 

WithA 2 /A!= 2£ tan207(2£/cos20°) = sin20°, find 




qi 



.67x10 8 W/m 2 -K 4 (l000 4 -o)K Z 



(1-0.6) 



46.17 kW/ni 



0.6 



x sin 20° + 1 



The effective emissivity of the groove follows from the definition given in Problem 13.42 as the ratio 
of the radiant power leaving the cavity to that from a blackbody having the area of the cavity opening 
and at the same temperature as the cavity surface. For the present situation, 



11 



qi 



46.17xl0 3 W/m 2 



E b( T l) oT 4 5.67x10 8 W/m 2 -K 4 (1000 K) 4 



= 0.814. 



COMMENTS: Note the use of the hypothetical surface defined as black at 0 K. This surface does 
not emit and absorbs all radiation on it; hence, is the radiant power to the surroundings. 
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PROBLEM 13.44 



KNOWN: Approximate wave geometry, hemispherical emissivity of water, s = 0.96. 

FIND: (a) Effective emissivity of the water surface for a = 3tc/4, (b) Plot of the effective 
emissivity normalized by the hemispherical emissivity of water, e eff /e, over the range nil < a < 

71/. 



SCHEMATIC: 




T v A 1; s 1 = 0.96 



ASSUMPTIONS: (1) Two-dimensional system, (2) Diffuse, gray surfaces. 
ANALYSIS: (a) The effective emissivity is defined by the relation 

s A <t(t 4 — T 4 \ — a - a ( Tl4 " T ' ur ) 

-+_ 

s iA.i A^ 

From the schematic we see that A 2 /Ai = sin(a/2) and F 21 = 1. Therefore, F i2 = A 2 F 2 i/Ai = sin(a/2) 
and the expression for the effective emissivity is 

o = I = I = I = 0 963 < 

eft A 2 (l- £l ) | A 2 sin(q/2)(l-s 1 ) | 1 sin(3Tt/8)(l-0.96) | x ' 

SjAj AjF^ 0.96 



(b) The dependence of the normalized effective emissivity to the wave angle is shown in the plot 
below. 



Continued... 
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PROBLEM 13.44 (Cont.) 



Normalized Effective Emissivity vs. Wave Structure 



1.02 



1.01 



0.99 




90 100 110 120 130 140 150 160 170 180 
Wave Angle (degrees) 



Comment: Although water exhibits nearly black behavior, and the sensitivity of the effective 
emissivity to the wave structure is small, the heat balance of the earth could be affected by 
approximately 1 percent depending on the sea roughness. These types of difficult-to-measure 
effects have lead to debate on issues related to global warming. 
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PROBLEM 13.45 

KNOWN: Cavities formed by a cone, cylinder, and sphere having the same opening size (d) and 
major dimension (L) with prescribed wall emissivity. 

FIND: (a) View factor between the inner surface of each cavity and the opening of the cavity; (b) 
Effective emissivity of each cavity as defined in Problem 13.42, if the walls are diffuse-gray with s w ; 
and (c) Compute and plot s e as a function of the major dimension-to-opening size ratio, L/d, over the 
range from 1 to 10 for wall emissivities of s w = 0.5, 0.7, and 0.9. 

SCHEMATIC: 




t- — <3f — -H 



1'M 



T 

L 

1 




D = L 



Cone Cylinder Sphere 

ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Uniform radiosity over the surfaces. 

ANALYSIS: (a) Using the summation rule and reciprocity, determine the view factor F12 for each of 
the cavities considered as a two-surface enclosure. 



Cone: ¥21 +F22 = % +0 = 1 1^1=1 

Fj 2 = A 2 F 21 /A 1 =^d 2 /4j/(^d/2) L 2 +(d/2) 2 

Cylinder. F21 = 1 



1/2 



F 12 =A 2 F 21 /A 1 =A 2 /A 1 =(^/4)/ 
Sphere: F^j = 1 



^-dL + ^-d z /4 



F 12 =A 2 F 21 /A 1 =A 2 /A 1 = bnT/4 / 



;rD 2 -;rd 2 /4 



= (l/2) (L/d) 2 +l/4 



= (l + 4L/d) 1 



^4D 2 /d 2 -lJ \ 



-1/2 



(b) The effective emissivity of the cavity is defined as 

£ eff = qi2/q c 



where q c = A2<jT\ which presumes the opening is a black surface at Tj and for the two-surface 
enclosure, 



112 = 



,( Tl 4 -T 2 4 ) 



(l-q)/ £l A 1 + l/A 1 F 12 +(l-f 2 )/f 2 A 2 (l-f^/q+l/^ 



since T2 = OK and 82 = 1. Hence, since A2/A1 = F12 for all the cavities, with si = s w 
1/% _ 1 



*eff 



Cone: s eff = 1/ \ (1/2) (L/d) z +1/4 (l-s w )/s w +l 



-1/2 



(1) < 



Continued 
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PROBLEM 13.45 (Cont) 

Cylinder: £ eff = 1/ j [l + 4L / d]" 1 (l - s w ) / s w + 1 j 



Sphere: 



? eff 



4D 2 /d 2 -l 



-1 



(l-* w )/£ w +l 



(2) < 



(3) < 



(c) Using the IHT Workspace with eqs. (1,2,3), the effective emissivity was computed as a function of 
L/d (cone, cylinder and sphere) for selected wall emissivities. The results are plotted below. 



Fig. 1 Cone, cylinder, sphere cavities, eps = 0.7 



Fig 2 Conical cavity 



0.95 



ir, 0.9 




0.85 




1 2 3 4 5 6 7 



9 10 



9 10 



L/d 



Cone 

Cylinder 

Sphere 



epsw = 0.5 
epsw = 0.7 
epsw = 0.9 



In Fig. 1, 8 e ff is shown as a function of L/d for s w = 0.7. For larger L/d, the sphere has the highest s e ff 
and the cone the lowest. Figures 2, 3 and 4 illustrate the s e ff vs. L/d for each of the cavity types. As 
expected, e e ff increases with increasing wall emissivity. 



Fig 3 Cylindrical cavity 



Fig 4 Spherical cavity 



0.9 



0.7 




5 6 
L/d 



9 10 



9 10 



D/d 



epsw = 0.5 
epsw = 0.7 
epsw = 0.9 



epsw = 0.5 
epsw = 0.7 
epsw = 0.9 



Note that for the spherical cavity, with L/d > 5, s e ff > 0.98 even with s w as low as 0.5. This feature 
makes the use of spherical cavities for high performance radiometry applications attractive since s e ff is 
not very sensitive to e w . 

COMMENTS: In Fig. 1, intercomparing s e ff for the three cavity types, can you give a physical 
explanation for the results? 
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PROBLEM 13.46 



KNOWN: Dimensions and temperature of an anodized aluminum sheet radiating to deep space. 

FIND: (a) Net radiation from both sides of a 200 mm x 200 mm sheet, (b) Net radiation from the 
sheet with 3-mm diameter holes spaced 5 mm apart, (c) Net radiation from the sheet with 3-mm, 
flat-bottomed diameter holes of depth 2 mm, spaced 5 mm apart, (d) Ratio of net heat transfer to 
sheet mass for the three configurations. 

SCHEMATIC: 



Surface 2 Surface 2 




ASSUMPTIONS: Diffuse, gray behavior. 

PROPERTIES: Table A. 11, anodized aluminum: (T = 300 K): s = 0.82. Table A.l aluminum 
(T = 300 K): p = 2702 kg/m 3 . 

ANALYSIS: (a) For 2 sides, 

E = 2LwsaT 4 = 2 x 0.2m x 0.2m x 0.82 x 5.67 x 10~ 8 —^—px (300K) 4 = 30.13 W < 

m 2 • K 4 

(b) The number of holes is N = Lw/s 2 where s = 5 mm is the hole spacing. Therefore, N = (0.2 m 
x 0.2 m)/(0.005 m) 2 = 1600. The sheet area occupied by holes is A h = N7rD 2 /4 = 1600 x n x 
(0.003m) 2 /4 = 11.31 x 10~ 3 m 2 . The emission from the entire sheet is E = NE h + E s . 

The emission from the flat sheet area is E s = 2(Lw - A h )eaT 4 , or 

E s = 2 x (0.2m x 0.2m - 1 1.31 x 10~ 3 m 2 ) x 0.82 x 5.67 x 10~ 8 , W x (300K) 4 = 21.61 W 

m -K 

Now, consider one hole. From the coaxial parallel disk results of Table 13.2, 

vl/2' 



S = l + !±^ = 13.11 ; F 23 =i 
0.32 2 



13.11-(l3.11 2 -4) 
From the summation rule and reciprocity, 



= 0.0762 



Continued. 
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PROBLEM 13.46 (Cont.) 



F 2 i = 1 - F 23 and F 12 = (1 - F 23 )A 2 /A! = (1 - F 23 )D/4t = (1 - 0.0762) x 3/(4 x 5) = 0.139. 
Therefore, F 1 . (23 )= 0.277 and the emission from one hole is 

4 5.67 xlO' 8 2 W 4 x(300K) 4 

^- l-s/ 1 = 1-0.82 1 = 5.65xlQ-*W 

L + + 

SjAj A 1 F 1 _ (23) 0.82 xnx 0.05m x 0.03m tz x 0.005m x 0.003m x 0.277 

Therefore, E = 21.61 W + 1600 x 5.65 x 10" 3 W = 30.65 W < 

(c) We shall treat the sides and bottom of the cavity as one surface with F 2 i = 1 . For one opening, 

-4 „ T 4 5.67 xlO- 8 ^-^ 

,.- a l _ ctT m -K 4 



^ 1-6! 1 1-6! 1 1-0.82 



- + l - + 



8 X A! A X F 12 e^j A 2 F 21 0.82 x(itx 0.003m x 0.002m + nx (0.003m) 2 1 A) n x "(0.003m) 2 /4~j x 1 



E h = 3.063 x 10" 3 W. Therefore for both sides of the sheet, 

E = 21.61 W + 1600 x 2 x 3.063 x 10" 3 W = 31.41 W < 

(d) The mass of the sheet in part (a) is M a = Lwtp = 0.2m x 0.2m x 0.005m x 2702 kg/m 3 = 0.540 
kg. For part (b), M b = (Lwt - N7tD 2 t/4)p = (0.2m x 0.2m x 0.005m - 1600 xjix (0.003m) 2 x 
0.005m/4) x 2702 kg/m 3 = 0.387 kg. For part (c), M c = (Lwt - NrcD 2 (t - w)/4)p = (0.2m x 0.2m x 
0.005m - 1600 xjix (0.003m) 2 x (0.004m)/4) x 2702 kg/m 3 = 0.418 kg. 

Therefore, the ratios of the net radiation heat transfer to mass, R, for the three parts of the 
problem are: 

Part (a): R = E/M a = 30.13 W/0.540 kg = 55.8 W/kg. 
Part (b): R = E/M b = 30.65 W/0.387 kg = 79.2 W/kg. 

Part (c): R = E/M c = 31.41 W/0.418 kg = 75.1 W/kg. < 



COMMENTS: (1) Boring holes in the sheet results in increased heat transfer rates and reduced 
mass. If a specific heat loss is required, the size of the sheets with the bored holes could be 
reduced slightly, leading to reduction in the mass of the bored aluminum sheet. (2) Holes that are 
bored completely through the sheet may lead to large conduction resistance along the sheet and, 
in turn, spatial temperature variations on the aluminum sheet. Since the two alternative designs 
involving holes are characterized by nearly the same emission-to-mass ratio, the third option 
might be preferred. 
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PROBLEM 13.47 

KNOWN: Temperature, emissivity and dimensions of a rectangular fin array radiating to deep space. 

FIND: (a) Rate of radiation transfer per unit length from a unit section to space, (b) Effect of 
emissivity on heat rejection. 

SCHEMATIC: 

A' 3 = W, T 3 = 0 K, 8 3 = 1 

A' 2 = 2L, T 2 = 325 K, s 2 = 0.7 

A'1 =W, T 1 = 325 K, E! =0.7 



ASSUMPTIONS: (1) Diffuse/gray surface behavior, (2) Length of array (normal to page) is much 
larger than W and L, (3) Isothermal surfaces. 

ANALYSIS: (a) Since the sides and base of the U-section have the same temperature and emissivity, 
they can be treated as a single surface and the U-section becomes a two-surface enclosure. Deep space 
may be represented by the hypothetical surface A3 , which acts as a blackbody at absolute zero 

temperature. From Eq. (13.18), with Tj = T2 = T and s \ - £2 - £, 

<x(t 4 -T 3 4 ) 

q (l>2)3 = 1 

+ + 

^ A [l,2) ^1,2)^1,2)3 sA 3 
where A( 1>2 )=2L + W, A3 = W, A[ 1>2) F (l 2)3 = A3 F 3(u) = W. Hence, 

T 4 

1(1,2)3 = x _ e ° r^r^ 

-+ — + 



s(2L + W) W 

_ 5, 67 x 10" 8 W / m 2 • K 4 (325 K) 4 
q (!' 2 )3 = 1-0.70 | 1 |Q - 
0.70(0.275m) + 0.025m + 



15.2 W/m 



(b) For s = 0.7 emission from the base of the U-section is = s A[ a T 4 = 0.7 x 0.025m 

x 5.67 xlO" 8 W/m 2 -K 4 (325 K) 4 =ll.l W/m. The effect of s on qh 2 ) 3 and q b is shown as 
follows. 

Continued 
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PROBLEM 13.47 (Cont.) 




o -I 1 1 1 1 1 1 1 1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Emissivity, eps 

— •— Heat rejection with fins, q'(1 ,2)3 (W/m) 
— *— Emission from base, qb' (W/m) 



The effect of the fins on heat transfer enhancement increases with decreasing emissivity. 

COMMENTS: Note that, if the surfaces behaved as blackbodies {s\ = si = 1.0), the U-section 
becomes a blackbody cavity for which heat rejection is simply A3 Eb (T) = q^. Hence, it is no 
surprise that the q^ — > qj^ 2)3 as £— » 1 in the foregoing figure. For s = 1, no enhancement is 
provided by the fins. 
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PROBLEM 13.48 



KNOWN: Power dissipation of electronic device and thermal resistance associated with attachment 
to inner wall of a cubical container. Emissivity of outer surface of container and wall temperature of 
service bay. 

FIND: Temperatures of cubical container and device. 
SCHEMATIC: 



Electronic device, T d 
P P = 50 W 




Cubical container 
T s ,c > £ c = 0-8 



R t = 0.1 K/W 




ASSUMPTIONS: (1) Steady-state, (2) Device and container are isothermal, (3) Heat transfer from 
the container is exclusively by radiation exchange with bay (small surface in a large enclosure), (4) 
Container surface may be approximated as diffuse/gray. 

ANALYSIS: From Eq. (13.22) 



P e =q = a(6W 2 ). c (T s 4 c -T s 4 ur ) 



l s,c 



a 6W Z \e, 



- + X 



sur 



1/4 



l s,c 



50 W 



5.67 x 10~ 8 W / m 2 • K 4 x 6 (0. 12m) 2 x 0.8 



- + 



(150K) Z 



1/4 



= 339.4K = 66.4°C 



With q = (T d -T s>c )/R t , 



T d = qR t +T s>c = 50Wx0.1K/W + 66.4°C = 71.4°C 

COMMENTS: If the temperature of the device is too large to insure reliable operation, it may be 
reduced by increasing s c or W. 
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PROBLEM 13.49 



KNOWN: Long, thin-walled horizontal tube with radiation shield having an air gap of 10 mm. 
Emissivities and temperatures of surfaces are prescribed. 

FIND: Radiant heat transfer from the tube per unit length. 

SCHEMATIC: 



r^izcrc- 



—Air gap 



-T^-Shield, D z ^120mm, 

-r-&*—Tube, D 1 =100mw ) 
j= . =0.8 



£ 1 =0. 



ASSUMPTIONS: (1) Tube and shield are very long, (2) Surfaces at uniform temperatures, (3) 
Surfaces are diffuse-gray. 

ANALYSIS: The long tube and shield form a two surface enclosure, and since the surfaces are 
diffuse-gray, the radiant heat transfer from the tube, according to Eq. 13.18, is 



qi2 = 



CT (tf-T 2 4 ) 



1 - S\ 1 1 - £o 

1 + + - 



(1) 



E \ K \ A lfl2 ^2 A 2 
By inspection, F12 = 1. Note that 

Aj = n V>i I and 



A 0 =nV>n I 



where I is the length of the tube and shield. Dividing Eq. (1) by I , find the heat rate per unit length, 



012 = 



qi2 



5.67x10 °W/m -K 



(273 + 120) 4 -(273 + 35) 4 



0.8^( 



1-0.8 

100xl0" 3 m 



1 1-0.1 
J ^|l00xl0" 3 mjxl 0.1^-|l20xl0" 3 mj 



qi2 = 



842.3 W/m" 



(0.7958 + 3.183 + 23.87)m 1 



= 30.2 W/m. 



COMMENTS: Recognize that convective heat transfer would be important in this annular air gap. 
Suitable correlations to estimate the heat transfer coefficient are given in Chapter 9. 
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PROBLEM 13.50 

KNOWN: Long electrical conductor with known heat dissipation is cooled by a concentric tube 
arrangement. 

FIND: Surface temperature of the conductor. 
SCHEMATIC: 



T L> Bf0.6 



Current 




Conducior, r^Smm, 



cylinder, r z -ZSmm 



,e z =0.9 



ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Conductor and cooling tube are concentric and 
very long, (3) Space between surfaces is evacuated. 

ANALYSIS: The heat transfer by radiation exchange between the conductor and the concentric, 
cooled cylinder is given by Eq. 13.20. For a unit length, 



qb= 312 =(7 . 2OT| ( T 4_ T 4) 



1 l-s 2 
— + - 



( \ 



where Aj = 2n\ ■ i. Solving for Ti and substituting numerical values, find 

1 1/4 



T T 4 . q 12 

T l =1 T 2 + " 

a ■ 2n\ 



1 l-s 2 
— + - 



£ 2 



f \ 
V r 2 ) 



(1) 



T 2 = j(27 + 273) 4 K 4 + 



6 W/m 



5.67x10 °W/m 2 -K 4 x In (0.005m) 



1 1-0.9 T 5 > 
— + 



Ti ={(300 Kf +3.368 xl0 9 K 4 [1.667 + 0.00222] 



0.6 0.9 

1/4 



25 J 



1/4 



(2) 



Tj = 342.3 K = 69°C. < 

COMMENTS: (1) Note that Eq. (1) implies that F u = L From Eq. (2) by comparison of the second 
term in the brackets involving 82, note that the influence of £2 is small. This follows since ri « T2- 
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PROBLEM 13.51 



KNOWN: Arrangement for direct thermophotovoitaic conversion of thermal energy to electrical 
power. 

FIND: (a) Radiant heat transfer between the inner and outer surface per unit area of the outer surface, 
(b) Power generation per unit outer surface area if semiconductor has 10% conversion efficiency for 
radiant power in the 0.6 to 2.0 urn range. 

SCHEMATIC: 



Water cooling coils 




Dj -25mm 
£ o =380mm—\* 



Combustion tube 

Semiconductor surface, 
O) efficiency L0% for 
\ > ^ absorbed irradiation 
in 0.6 to Z.Ofxm range, 

hb T 0 =zo°C,a 0 =o.5 
T]=1675 o C,aj=0.9 



ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Surfaces approximate long, concentric cylinder, 
two-surface enclosure with negligible end effects. 

ANALYSIS: (a) For this two-surface enclosure, the net radiation exchange per unit area of the outer 
surface is, 



A, 



f \ 



V r o J 



(1) 



and since Ai/A 0 = 2nx\ 1 1 2nx Q I = q / r 0 , the heat flux at surface A 0 is 



Sio 
A, 



o V 



0.0125^ 
0.190 J 



-8 



2 



5.67x10 W / m • K 1948 - 293 K 



_L 1 ~ 0-5 f 0-0125 
0.190 



= 45.62 kW/m 2 . (2) < 



0.9 0.5 

(b) The power generation per unit area of surface A Q can be expressed as 
K = %■ Gabs (0-6 ^ 2.0//m) 



(3) 



where r| e is the semiconductor conversion efficiency and G a b s (0.6 — > 2.0|im) represents the absorbed 

irradiation on A G in the prescribed wavelength interval. The total absorbed irradiation is G a b s ,t = 

4 4 

qi 0 /A G and has the spectral distribution of a blackbody at Tj since T 0 « Tj and Aj is gray. Hence, 



we can write Eq. (3) as 

P e = % • (lio I A o ) F (0^2//m) " F (0^0.6//m) ] ■ 



(4) 



From Table 12.2: W = 2x 1948 = 3896 Lim-K, F (0 ^ T ) = 0.461; XI = 0.6 x 1948 = 1169 Lim-K, F (0 . 
XT) = 0.0019. Hence 

Pe = 0. 1 ^45.62 kW / m 2 J [0.46 1 - 0.0019] = 2.09 kW / m 2 . < 
That is, the unit produces 2.09 kW per unit area of the outer surface. 
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PROBLEM 13.52 

KNOWN: Temperatures and emissivities of spherical surfaces which form an enclosure. 

FIND: Evaporation rate of oxygen stored in inner container. 

SCHEMATIC: 



Dj=0.Qm 

er-0.05 
Liquid oxygen 




Vent and support assembly 
D 0 --12m 
T o =280K 
a 0 -O.OS 

Evacuated space 



PROPERTIES: Oxygen (given): h fg = 2.13 x 10 J/kg. 

ASSUMPTIONS: (1) Opaque, diffuse-gray surfaces, (2) Evacuated space between surfaces, (3) 
Negligible heat transfer along vent and support assembly. 

ANALYSIS: From an energy balance on the inner container, the net radiation heat transfer to the 
container may be equated to the evaporative heat loss 

q oi =rhh fg . 



Substituting from Eq. (13.21), where q G i = - q 10 and Fi Q = 1 



m = 



-<x|*D? T 4 -T 4 



h fg 



1 l-S r 



( V 

2L 

V r o J 



-5.67 x 10" 8 W / m 2 • K 4 x n (0.8m) 2 f 95 4 - 280 4 ) K Z 

rh = f =i — 



2.13xl0 3 J/kg 



1 0.95 
0.05 + 0.05 



^0.4^ 2 



V 0.6y 



rh = 1.14xl0" 4 kg/s. 

COMMENTS: This loss could be reduced by insulating the outer surface of the outer container 
and/or by inserting a radiation shield between the containers. 
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PROBLEM 13.53 



KNOWN: Emissivities, diameters and temperatures of concentric spheres. 

FIND: (a) Radiation transfer rate for black surfaces, (b) Radiation transfer rate for diffuse-gray surfaces, 
(c) Effects of increasing the diameter and assuming blackbody behavior for the outer sphere, (d) Effect of 
emissivities on net radiation exchange. 



SCHEMATIC: 



D, = 0.8 m 




D 2 = 1 .2 m or 20 m 
T 2 = 300 K 
0.05 ^e 2 ^ 1.0 



Airspace 



e i*i 



1H2 



e 2 A 2 



ASSUMPTIONS: (1) Blackbody or diffuse-gray surface behavior. 

ANALYSIS: (a) Assuming blackbody behavior, it follows that qy = AiFij(Ji - Jj) where Jj = gT 4 and Jj = 
a T 4 . Therefore, 

\4 



qi2 = A l F 12 cr ( T l 2 - T 2 ) = ^(0.8m) 2 (l)5.67xl0 8 W/m 2 -K 4 (400 K) 4 - (300 K) 4 
(b) For diffuse-gray surface behavior, it follows from Eq. 13.21 



1995 W. < 



112 



cjA^T^-T 4 ) 5.67x10 8 W/m 2 • K 4 ^(0.8m)" 



400 4 -300 4 



K 



1 \-s 2 

— + - 



V r 2y 



(c) With D 2 = 20 m, it follows from Eq. 13.21 



J_ 1-0.05 
0.5 0.05 



^0.4^ 2 



V0.6y 



191 W. 



5.67x10 8 W/m z -IGz-(0.8m) z (400 K)* -(300 K) 



qi2 



J_ 1-0.05 
0.5 0.05 



^0.4^ 2 



vlOy 



983 W. 



With £2 = 1, instead of 0.05, Eq. 13.21 reduces to Eq. 13.21 and 

q 12 =cxA 1 f 1 (T 1 4 -T 4 J = 5.67xl0" 8 W/m 2 -K 4 ^(0.8m) 2 0.5 (400 K) 4 -(300 K) 4 



= 998 W. < 



Continued 
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PROBLEM 13.53 (Cont.) 

(d) Using the 1HT Radiation Tool Pad, the following results were obtained 




o -| 1 1 1 1 1 1 1 1 1 

0 0.2 0.4 0.6 0 8 1 



Emissivity, eps2 

— • — eps1 = 1.0 
— *— eps1 = 0.5 
■ ' epsl = 0.1 

Net radiation exchange increases with si and 82, and the trends are due to increases in emission from and 
absorption by surfaces 1 and 2, respectively. 

COMMENTS: From part (c) it is evident that the actual surface emissivity of a large enclosure has a 
small effect on radiation exchange with small surfaces in the enclosure. Working with 82 = 1.0 instead of 
8 2 = 0.05, the value of qi2 is increased by only (998 - 983)/983 = 1.5%. In contrast, from the results of 
(d) it is evident that the surface emissivity 82 of a small enclosure has a large effect on radiation exchange 
with interior objects, which increases with increasing si. 
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PROBLEM 13.54 

KNOWN: Two radiation shields positioned in the evacuated space between two infinite, parallel 
planes. 

FIND: Steady-state temperature of the shields. 
SCHEMATIC: 

Shields 



LI, 1,1 



ASSUMPTIONS: (1) All surfaces are diffuse-gray and (2) All surfaces are parallel and of infinite 
extent. 

ANALYSIS: The planes and shields can be represented by a thermal circuit from which it follows 
that 



qi = -<a 



a| Tl 4 -T 2 4 ^-T 4 a(T 4 r T 4 2 ^T 4 -T 4 



R1 + R2 + R3 r; R'2 R3 



Ai 

Since all the emissivities involved are equal, Rf = l — = 1 = R 2 = R3, so that 

A lFi2 



T 4 =T 4_ Rf 



sl 1 Rf + R 2 +R 3 



-(^-T 2 4 ) = t/-(1/3)(t/-T 2 4 ) 



T 4 =(600 K) 4 -(1/3)(600 4 -325 4 |k 4 T ls =548 K 

T 4 = T 4 + ^ (t 4 -T 4 ) = T 4 + (l / 3) (t, 4 - T 4 ) 

s2 2 Rf + R 2 + R^l 1 2 / 2 V ; \ 1 2 ' 

T s 4 =(325 K) 4 +(1/3)(600 4 -325 4 |k 4 T s2 =474 K. 
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PROBLEM 13.55 

KNOWN: Two large, infinite parallel plates that are diffuse-gray with temperatures and emissivities 
of Ti and si and T2 and 82- 

FIND: Show that the ratio of the radiation transfer rate with multiple shields, N, of emissivity s s to 
that with no shields, N = 0, is 

qi2,N = [\/£i + \/s 2 -l] 

qi2,0 [l/*i + l/* 2 -l] + N[2/* s -l] 

where qi2,N an d qi2,0 represent the radiation heat rate with N and N = 0 shields, respectively. 
SCHEMATIC: 



N = 0 shields 




T-1, e-i 



\A 




N shields 



lira- 



qi2,o 

T 2 , £2 



T1, £1 



E b1 E b2 
q'l2,0 (1-£l)/Si 1 (1-£2)/£2 



qi2,N 
T2, £2 



E bN 



qi2,N (1-8 S )/8 S (1-8 S )/8 S 1 



ASSUMPTIONS: (1) Plane infinite planes with diffuse-gray surfaces and uniform radiosities, and (2) 
Shield has negligible thermal conduction resistance. 

ANALYSIS: Representing the parallel plates by the resistance network shown above for the "no- 
shield" condition, N = 0, with F12 = 1, the heat rate per unit area follows from Eq. 13.19 (see also Fig. 
13.10) as 



qi'2,0 



-bl 



^b2 



1/^ + 1/^2-1 



(1) 



With the addition of each shield as shown in the schematic above, three resistance elements are added 

to the network: two surface resistances, (1 - s s )/s s , and one space resistance, 1/Fj; = 1. Hence, for the 
"N - shield" condition, 



qi2,N 



E bl" E b2 



(2) 



[1/^ + 1/^2 -l] + N[2(l-£ s )/f s + l] 

The ratio of the heat rates is obtained by dividing Eq. (2) by Eq. (1), 

qj'2,N [\ls l + \ls2-l\ < 

qi2,0 [1/*1+1/S2-1] + N[2/S B -1] 

COMMENTS: Can you derive an expression to determine the temperature difference across pairs of 
the N-shields? 
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PROBLEM 13.56 

KNOWN: Emissivities of two large, parallel surfaces. 

FIND: Heat shield emissivity needed to reduce radiation transfer by a factor of 10. 
SCHEMATIC: 

\ \ e^0.8 

Radiation shield v I n 

* V* 

j J £z=°-8 

ASSUMPTIONS: (a) Diffuse-gray surface behavior, (b) Negligible conduction resistance for shield, 
(c) Same emissivity on opposite sides of shield. 

ANALYSIS: For this arrangement, F13 = F32 = 1. 
Without (wo) the shield, it follows from Eq. 13.19, 



{ ( il2) wo 1 1 



+ 1 

«1 s 2 

With (w) the shield it follows from Eq. 13.23, 

A,qfr-lj) 

^12 ) w 112' 

— + — + 2 

s\ s 2 e 3 

Hence, the heat rate ratio is 

1,1 1 I I 



(qi2) w 



=0.1= 



■+— -1 — +— -1 

£\ £2 0.8 0.8 



(qm) ' 112,1 12,' 
l412J wo _ + — + 2 + + 2 

£ \ s 2 e 3 0.8 0.8 S3 

Solving, find 

s 3 =0.138. 

COMMENTS: The foregoing result is independent of Ti and T2. It is only necessary that the 
temperatures be maintained at fixed values, irrespective of whether or not the shield is in place. 
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PROBLEM 13.57 

KNOWN: Surface emissivities of a radiation shield inserted between parallel plates of prescribed 
temperatures and emissivities. 

FIND: (a) Effect of shield orientation on radiation transfer, (b) Effect of shield orientation on shield 
temperature. 

SCHEMATIC: 



f 



(a) 



£iTi>T 2 
--or-- 



J 



-T 5 



£z,Tz 



ASSUMPTIONS: (1) Diffuse-gray surface behavior, (2) Shield is isothermal. 
ANALYSIS: (a) On a unit area basis, the network representation of the system is 



~bl 



J l 



1- 



i-£ s 1-2. 



£2 



Hence the total radiation resistance, 



R = 



+ 1 + 



1 - s s 1 - 2s* 



2s* 



+ 1 + 



\_-S2 
£2 



is independent of orientation. Since q = (Ebi - Eb2)/R, the heat transfer rate is independent of 
orientation. 

(b) Considering that portion of the circuit between Ebi and Eb s , it follows that 



q = 



-bl 



Eu* 



«1 



, where f (s s ) = 



1 - So 1 - 2s* 
-or- 



2s* 



Hence, 



E bs = E bl 



+ l + f(fis) 



It follows that, since Eb s increases with decreasing f(s s ) and (1 - 2s s )/2s s < (1 - s s )/s s , Eb s is larger 
when the high emissivity (2e s ) side faces plate 1. Hence T s is larger for case (b). < 
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PROBLEM 13.58 

KNOWN: End of propellant tank with radiation shield is subjected to solar irradiation in space 
environment. 

FIND: (a) Temperature of the shield, T s , and (b) Heat flux to the tank, q[ (w I m 2 j. 
SCHEMATIC: 

fsur ' 0K «| Shield ara z -0.05 




^lZ50)Nlrn^ m Tank a +~-° J 
's 

ASSUMPTIONS: (1) All surfaces are diffuse-gray, (2) View factor between shield and tank is unity, 
F st = 1, (3) Space surroundings are black at 0 K, (4) Resistance of shield for conduction is negligible. 

ANALYSIS: (a) Perform a radiation balance on the shield. From the schematic, 

-T s 



St 



E=e 1 E h (T s ) 

«sG S -^lE b (T s )-qst=0 (1) 

where q" st is the net heat exchange between the shield and the tank. Considering these two surfaces as 
large, parallel planes, from Eq. 13.19, 

qst=^(Ts 4 -T t 4 )/[l/^ 2 +1/^1-1]- 
Substituting q" st from Eq. (2) into Eq. (1), find 

a s G s -fiiaT s 4 -ff(T s 4 -T 1 4 )/[l/f2 + l/ft-l] = 0. 



(2) 



Solving for T s , find 



T s = 



q s G s +aT t 4 /[l/s 2 +l/s t -l] 
a(s l +l/[l/s 2 +l/s t -l]) 

Since the shield is diffuse-gray, as = si and then 



1/4 



T = 



0.05 x 1 250 W / m 2 + a (lOO) 4 K 4 / [l / 0.05 + 1/0.1-1] 



-,1/4 



= 338 K. 



cr(0.05 + l/[l/0.05 + l/0.1-l]) 
(b) The heat flux to the tank can be determined from Eq. (2), 

qs t = 5.67 x 10" 8 W / m 2 • K 4 ^338 4 - 100 4 J K 4 / [l / 0.05 + 1 / 0. 1 - 1] = 25.3 W / m 1 
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PROBLEM 13.59 



KNOWN: Black panel at 77 K in large vacuum chamber at 300 K with radiation shield having s = 
0.05. 

FIND: Net heat transfer by radiation to the panel. 
SCHEMATIC: 



Shield, T s> - 
e. s = O.OS } 
D S =D 



-Chamber, T 2 = 300K 



VZZZZZZZZZZy—Penel, T^llK, D=0.1m 



ASSUMPTIONS: (1) Chamber is large compared to shield, (2) Shape factor between shield and plate 
is unity, (3) Shield is diffuse-gray, (4) Shield is thin, negligible thermal conduction resistance. 

ANALYSIS: The arrangement lends itself to a network representation following Figs. 13.9 and 13.10. 



^A 2 A^ s e s A s e 3 A s A s f^ z £j A z 

O since A 2 »A S on Ax O since £-x = 1 



Noting that F2 S = F s i = 1, and that A2F2 S = A S F S 2, the heat rate is 



q 1 =(E b2 -E bl )/i:R i =a(T 2 4 -T 1 4) 



- + 2 



V^s^s J 



+ ■ 



Recognizing that A s = Aj and multiplying numerator and denominator by Aj gives 



q, A,<t(T 2 T^l 2 + 2 
Substituting numerical values, find 

qi = 



l-£ s 



ttO.I 2 m 2 



x 5 .67 x 10" 8 W / m 2 • K 4 1 300 4 



-77 4 ) 



K 4 / 



2 + 2 



1-0.05 
0.05 



q!=89.8mW. < 

COMMENTS: In using the network representation, be sure to designate direction of the net heat rate. 
In this situation, we have shown qj as the net rate into the surface Aj. The temperature of the shield, 
T s = 253 K, follows from the relation 



qi=( E bs- E bi)/ 



-+- 



1 



^s^s AiF s i 
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PROBLEM 13.60 

KNOWN: Dense cryogenic piping array located close to furnace wall. 

FIND: Number of radiation shields, N, to be installed such that the temperature of the shield closest 
to the array, T Sj n, is less than 30°C. 

SCHEMATIC: 



Dense piping , 

array, & 
T p = 0°C, ^ 
s p = 0.6 o 

O 

o 
o 
o 
o 
o 
o 
o 

Installation criteria O 

T. „ < 30°C 



Furnace wall 



200°C, Ef= 0.9 



Radiation shields, N 
e =0.1 



ASSUMPTIONS: (1) The ice-covered dense piping array approximates a plane surface, (2) Piping 
array and furnace wall can be represented by infinite parallel plates, (3) Surfaces are diffuse-gray, and 
(4) Convection effects are negligible. 

ANALYSIS: Treating the piping array and furnace wall as infinite parallel plates, the net heat rate by 
radiation exchange with N shields of identical emissivity, s s , on both sides follows from extending the 
network of Fig. 13.11 to account for the resistances of N shields. (See Problem 13.55) For each 
shield added, two surface resistances and one space resistance are added, 



qf P 



-( T f- T p 4 ) A f 



\/sf + l/£ p -l] + N[2/£ s -l] 



(1) 



2 T ^4 



where a = 5.67 x 10 W/m -K . The requirement that the N-th shield (next to the piping array) has a 
temperature T s n < 30°C will be satisfied when 



qf P 



< 



^(T s , N 4-T p 4)A f 



l/£ s +l/<5p -1 



(2) 



Using the foregoing equations in the IHT workspace, find that T s n = 30°C when N = 8.60. So that 
T Sj n is less than 30°C, the number of shields required is 



N = 9 < 

COMMENTS: Note that when N = 0, Eq. (1) reduces to the case of two parallel plates. Show for the 
case with one shield, N = 1, that Eq. (1) is identical to Eq. 13.23. 
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PROBLEM 13.61 

KNOWN: Concentric tube arrangement with diffuse-gray surfaces. 

FIND: (a) Heat gain by the cryogenic fluid per unit length of the inner tube (W/m), (b) Change in 
heat gain if diffuse-gray shield with e s = 0.02 is inserted midway between inner and outer surfaces. 

SCHEMATIC: 

'Cryogenic -fluid in tube /-Shield 
D 0 --50mm ^t\^~J). = 20mm 

1J=77K 

No shield (o) W/fh shield (s) 



T o --300K 
e 0 --0.05 





D$ - 3-ff 777 777 



ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Space between tubes is evacuated. 



ANALYSIS: (a) For the no shield case, the thermal 
circuit is shown at right. It follows that the net heat gain 
per unit tube length is 



bi ^bo 

CKAAAO-AA/VO-VVMD 



-%■ is, 



tie. %i 



£/Aj Ajfy 0 £ 0 A< 



-qi=^- = (E b0 -E b i)/ 



1 - e n 1 1 - s\ 

— + + - 

skY) 0 ^"DjFj 0 S[7tD[ 



where A = n:DL. Note that Fi Q = 1 and Eb = gT giving 



-8 2 4 / 4 4 \ 4 

-q[ =5.67x10 W/m K 1 300 -77 IK / 



1 - 0.05 



1 - 0.02 



0.05^x50x10 3 ^-20x10 3 xl 0.02^x20x10 3 



-q| =457 W7m 2 / [121. 0 + 15.9 + 779.8] m" 1 =0.501 W/m. 

(b) For the with shield case, the thermal circuit will include three additional resistances. 

Ebi £*>s ^*>o 

-9; !-£; 1 l-£s l-£s -* 1-£q Vol 

£;A A;F is e s A s e s A s A S F S0 e 0 A 0 

From the network, it follows that -qj = (E bo - E bi ) / ZR t . With Fi s = F so = 1 , find 



-q- = 457W/ni / 



121.0 + 



2(1-0.02) 
+ i '— + 15.9 + 779.8 



^•35x10 3 xl 0.02^-35x10 3 



m 



-q- = 457W/m 2 /[l21.0 + 9.1 + 891.3 + 15.9 + 779.8]m 1 = 0.251W/m. 

The change (percentage) in heat gain per unit length of the tube as a result of inserting the radiation 
shield is 

qis-qins (0.251-0.501) w/m . 

mi,s ii,ns x 10Q = v 1 x 100 = -49%. < 



% 



ns 



0.501W/m 
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PROBLEM 13.62 



KNOWN: Heated tube with radiation shield whose exterior surface is exposed to convection and 
radiation processes. 

FIND: Operating temperature for the tube under the prescribed conditions. 
SCHEMATIC: 

A Jt Heated tube 
A z ,Shield 

£vacu.a+ed 




I I h--10Wlm*-K 



~Di=60mm 



T sur --n°c- 




ASSUMPTIONS: (1) Steady-state conditions, (2) No convection in space between tube and shield, 
(3) Surroundings are large compared to the shield and are isothermal, (4) Tube and shield are infinitely 
long, (5) Surfaces are diffuse-gray, (6) Shield is isothermal. 

ANALYSIS: Perform an energy balance on the shield. 



Ein E OU { - 0 



l 12 



" Qconv %ad _ 0 




where qi2 is the net radiation exchange between the tube and inner surface of the shield, which from 
Eq. 13.20 is, 



^ 1 ,l-*2,i Pi 

£\ n\ °2 



Using appropriate rate equations for q con v an d q ra d> the energy balance is 

x \ £2 . ' - hA 2 (T 2 - ^ ) - s 2 , 0 A 2 a (t 4 - T s 4 ur ) = 0 
*2,i D 2 

where ei = 1. Substituting numerical values, with A1/A2 = D1/D2, and solving for Ti, 
(20/60)x5.67xl0" 8 W/m 2 -K 4 (T 4 -315 4 )K 4 

-. ^- '- 10 W/m -K(315-300)K 

l + (l-0.01/0.0l)(20/60) V ! 



-0. 1 x 5.67 x 10" 8 W / m 2 • K 4 (3 1 5 4 - 290 4 j K 4 = 0 



Tj = 745 K = 472°C. 



COMMENTS: Note that all temperatures are expressed in kelvins. This is a necessary practice when 
dealing with radiation and convection modes. 
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PROBLEM 13.63 

KNOWN: Cylindrical-shaped, three surface enclosure with lateral surface insulated. 
FIND: Temperatures of the lower plate Ti and insulated side surface T3. 
SCHEMATIC: 



L=O.Zm 



£1 



I 



h z J z =473K,z z =0.8 



-A 3 ,7^, insulaied 



■&lTi> black surface 



fP=10,000W=9 1 



ASSUMPTIONS: (1) Surfaces have uniform radiosity or emissive power, (2) Upper and insulated 
surfaces are diffuse-gray, (3) Negligible convection. 



ANALYSIS: Find the temperature of the lower plate Ti from Eq. 13.25 

,(t 4 -T 2 4 ) 



qi = 



(l-q)/qA 1 + rA 1 F 12 + [(l/A 1 F 1 3) + (l/A 2 F 23 )] l ] + (l-s 2 )/ £2 A 2 



(1) 



From Table 13.2 for parallel coaxial disks, 
Rj = ri /L = 0.1/0.2 -0.5 



R 2 = r 2 /L = 0.1/0.2 = 0.5 
S = l + (l + R 2 )/R 2 = l + (l + 0.5 2 )/0.5 2 =6.0 



Fj 2 =l/2 S- 



S 2 -4(r 2 / ri ) 2 



-1/2' 








H 


- 



6 2 -4(0.5/0.5) 2 



1/2 



= 0.172. 



Using the summation rule for the enclosure, F13 = 1 - F12 = 1 - 0.172 = 0.828, and from symmetry, 

2 2 2 

F23 = F13. With Ai = A2 = nD 14 = tc(0.2 m) I A = 0.03142 m and substituting numerical values into 

Eq. (1), obtain 

10,000 W: 



0.03 142 m 2 x 5.67 x 10 8 W / m 2 • K 4 f T 4 - 473 4 ) K 4 



0+ 0.172 + [(l/0.828) + (l/0.172)] 1 +(l-0.8)/0.8 

10,000 = 4.540x10 9 |t 4 -473 4 J T : = 1225 K. < 

The temperature of the insulated side surface can be determined from the radiation balance, Eq. 13.26, 
with Aj = A2, 

J l- J 3 J 3 _J 2 



1/^3 1/F 23 



0 



(2) 



where Jj = ctTj and J2 can be evaluated from Eq. 13.13, 



Continued 
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PROBLEM 13.63 (Cont.) 

E h9 -J? 5.67 x 10" 8 W / m 2 -K 4 (473 K) 4 -J 2 

q2=7 — - A r-^ — -10,000 W = i ! - v ^- 

(l-f 2 )/^2 A 2 (1-0.8)/ 0.8x0.03142m 2 

2 

find J2 = 82,405 W/m . Substituting numerical values into Eq. (2), 

5.67 x 10" 8 W / m 2 • K 4 (1225 K) 4 - J 3 J 3 - 82, 405 W / m 2 _ 
1/0.172 1/0.172 

2 

find J3 = 105,043 W/m . Hence, for this insulated, re-radiating (adiabatic) surface, 
E b3 = (7 T 4 = 105, 043 W/m 2 T 3 = 1 167 K. 
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PROBLEM 13.64 

KNOWN: Furnace in the form of a truncated conical section, floor (1) maintained at Ti = 1000 K by 

2 

providing a heat flux qf m = 2200 W7 m ; lateral wall (3) perfectly insulated; radiative properties 
of all surfaces specified. 

FIND: (a) Temperature of the upper surface, T2, and of the lateral wall T3, and (b) T2 and T3 if all the 
furnace surfaces are black instead of diffuse-gray, with all other conditions remain unchanged. 

Explain effect of £2 on your results. 
SCHEMATIC: 



D 0 = 20 mm 




L = 50 mm 



h £>! = 40 mm 



Upper surface, A2 
T 2 = ?, e 2 = 0.5 



Lateral surface, A3 
T 3 = ?, £ 3 = 0.3 
Adiabatic wall 

Furnace floor, A-| 

T1 = 1000 K, ei = 0.7 
q'\ in =2200 W/m 2 



ASSUMPTIONS: (1) Furnace is a three-surface, diffuse-gray enclosure, (2) Surfaces have uniform 
radiosities, (3) Lateral surface is adiabatic, and (4) Negligible convection effects. 

ANALYSIS: For the three-surface enclosure, write the radiation surface energy balances, Eq. 13.15, 
to find the radiosities of the three surfaces. 



E b,l-J 



J l- J 2 + . J 1 _J 3 



E b,2"J2 



h ~h + J 2 " J 3 



{l-s 2 )/e 2 A 2 I/A2F21 I/A2F23 



E b,3- J 3 



J 3~ J 1 , J 3~ J 2 



{l-e 3 )/e 3 A 3 1/A 3 F3! I/A3F32 



(1) 



(2) 



(3) 



4 -8 2 4 

where the blackbody emissive powers are of the form E D = a T with a = 5.67 x 10 W/m -K . From 

Eq. 13.13, the net radiation leaving Ai is 
E b,l- J l 



qi 



(l-£ 1 )/£ 1 A 1 



(4) 



qi =qi',in- A l = 2200 W/m 2 x ^-(0.040 m) 2 74 = 2.76 W 



Continued 
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PROBLEM 13.64 (Cont.) 



Since the lateral surface is adiabatic, 

q3 = 7l Eb, l~ 3 \ =° ( 5 ) 

from which we recognize Eb,3 = J3, but will find that as an outcome of the analysis. For the enclosure, 

2 

N = 3, there are N = 9 view factors, for which N (N - l)/2 = 3 must be directly determined. 
Calculations for the Fjj are summarized in Comments. 

With the foregoing five relations, we can determine the five unknowns: Ji, J2, J3, Eb,2, and Eb,3- The 

4 

temperatures T2 and T3 will be evaluated from the relation Eb = a T . Using this analysis approach 
with the relations in the IHT workspace, the results for (a) the diffuse-gray surfaces and (b) black 
surfaces are tabulated below. 

Jl(kW/m 2 ) J 2 (kW/m 2 ) J 3 (kW/m 2 ) T 2 (K) T 3 (K) 

(a) Diffuse-gray 55.76 45.30 53.48 896 986 

(b) Black 56.70 46.24 54.42 950 990 

COMMENTS: (1) From the tabulated results, it follows that the temperatures of the lateral and top 
surfaces will be higher when the surfaces are black, rather than diffuse-gray as specified. 

(2) From Eq. (5) for the net heat radiation leaving the lateral surface, A3, the rate is zero since the wall 
is adiabatic. The consequences are that the blackbody emissive power and the radiosity are equal, and 
that the emissivity of the surface has no effect in the analysis. That is, this surface emits and absorbs 
at the same rate; the net is zero. 

2 

(3) For the enclosure, N = 3, there are N =9 view factors, for which 

N (N-l)/2 = 3x2/2 = 3 

must be directly determined. We used the IHT Tools I Radiation I View Factors Relations model that 
sets up the summation rules and reciprocity relations for the N surfaces. The user is required to 

specify the 3 Fy that must be determined directly; by inspection, Fn = F22 =0; and F12 can be 
evaluated using the parallel coaxial disk relation, Table 13.2 (Fig. 13.5). This model is also provided 
in IHT to simplify the calculation task. The results of the view factor analysis are: 

T\ 2 = 0.03348 = 0.9665 

F2! = 0.1339 F2 3 = 0.8661 

(4) An alternative method of solution for part (a) is to treat the enclosure of part (a) as described in 
Section 13.2.6. For part (b), the black enclosure analysis is described in Section 13.2.3. We chose to 
use the net radiation method, Section 13.2.1, to develop a general 3-surface enclosure code in IHT that 
can also handle black surfaces (caution: use 8 = 0.999, not 1.000). 
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PROBLEM 13.65 

KNOWN: Two aligned, parallel square plates with prescribed temperatures. 

FIND: Net radiative transfer from surface 1 for these plate conditions: (a) black, surroundings at 0 K, 
(b) black with connecting, re-radiating walls, (c) diffuse-gray with radiation-free surroundings at 0 K, 
(d) diffuse-gray with re -radiating walls. 



SCHEMATIC: 




A 2 T z --800K i E bz --23 > 224 W/*7* 



ASSUMPTIONS: (1) Plates are black or diffuse-gray, (2) Surroundings are at 0 K. 

ANALYSIS: (a) The view factor for the aligned, parallel plates follows from Fig. 13.4, X/L = 0.4 

m/0.8 m = 0.5, Y/L = 0.4 m/0.8 m = 0.5, Fi 2 = F 2 i * 0.075. When the plates are black with 
surroundings at 0 K, from Eq. 13.17, 

qi = qi2 + qi(sur) = M*L2 ( E bl " E b 2 ) + M%ur) ( E bl " E b(sur) ) 

qi = (0.4 x 0.4) m 2 [0.075 (3544 -23, 224) + (1-0.075) (3544 -0)]W/m 2 =288W. < 

(b) When the plates are black with connecting re-radiating walls, from Eq. 13.25 with Fir = R 2 r = 1 
Fi2 = 0.925, 

At [E bl - E b2 ] (0.4 m) 2 [3544 - 23, 224] W / m 2 



qi 



r _i 

Fi2 + (l/F 1R +l/F 2R ) 0.075 + (1/0.925 + 1/0.925) 



-L692W. < 



(c) When the plates are diffuse-gray (sj = 0.6 and S2-O.8) with the surroundings at 0 K, using Eq. 
13.14 or Eq. 13.15, with E b 3 = J3 = 0, 

qi-A 1 F 12 (J 1 -J 2 ) + A 1 F 13 (J 1 -J 3 ) = (E bl -J 1 )/[(l-q)/qA 1 ]. 
The radiosities must be determined from energy balances, Eq. 13.15, on each of the surfaces, 



E bl ~ Jl 

3, 544 -J! 
(l-0.6)/0.6 



= F 12 (J 1 -J 2 ) + F 1 3(J 1 -J 3 ) 
= 0.075 (J 1 -J 2 ) + 0.925J 1 



E b2~J2 

23,224-J 2 
(l-0.8)/0.8 



= F 21 (J 2 -J 1 ) + F 2 3(J 2 -J 3 ) 
= 0.075 (J 2 -J!) + 0.925J 2 . 



2 2 
Find J 1 = 2682 W/m and J 2 = 18,542 W/m . Combining these results, 

qj = (0.4m) 2 (0.075) (2682 -18, 542) W/m 2 + (0.4 m) 2 (0.925) (2682-0) W/m 2 =207 W. < 

(d) When the plates are diffuse-gray with connecting re-radiating walls, use Eq. 13.25, 

A l[ E bl- E b2] 



qi 



qi = 



(l-^/q+^+tl/FiR+l/F^) ! ] +(l-s 2 )/s 2 

(0.4 m) 2 [35444 - 23, 244] W / m 2 

r in- 1 
(l-0.6)/0.6+ 0.075 + (1/0.925 + 1/0.925) +(l-0.8)/0.8 



= -1133W. 
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PROBLEM 13.66 



KNOWN: Parallel, aligned discs located in a large room; one disk is insulated, the other is at a 
prescribed temperature. 



FIND: Temperature of the insulated disc. 
SCHEMATIC: 

/////^/////////////////^ -Tnsulatecl disk ,D= 0.4m 




T sur ^Z00K 



0.1m 
i 



ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Surroundings are large, with uniform 
temperature, behaving as a blackbody, (3) Negligible convection. 

ANALYSIS: From an energy balance on surface K% 
q 2 =0 = ^2zi_ + . J 2-J3 



l/A 2 F2i I/A2F23 



(1) 



Note that oq_ = 0 since the surface is adiabatic. Since A3 is a blackbody, J3 = Eb3 = (TT3 ; since A2 is 
adiabatic, J2 = Eb2 = crT 4 . From Fig. 13.5 and the summation rule for surface Ai, find 



F19 = 0.62 with T l = — = 2 and - = — = 0.5. 
1Z L 0.1 



r, 0.2 



1^3=1-^2=1-0.62 = 0.38. 



Hence, Eq. (1) with J 3 = 5.67 x 10" 8 x 300 4 W/m 2 becomes 



J9-J1 J 2 -459.3W/m z n 
■ + — = 0 



1/A 2 x0.62 1/A 2 x0.38 



-0.62J 1 +1.00J 2 = 174.5 



-8 4 2 

The radiation balance on surface Ai with Eb3 = 5.67 x 10 x 500 W/m becomes 
E bl - J l _ J l- J 2 , J1-J3 



(\- S] )lsiH l/A^ l/Aflg 



3543.8- J1 



J x - J 2 Ji -459.3 



(l-0.6)/0.6A! l/AxxO.62 l/A^O.38 

2 

Solve Eqs. (3) and (6) to find J2 = 1815 W/m and since Eb2 = ^2, 
-J/4 ( 101 .„ 7 , 2 V /4 



2.50Ji-0.62J 2 =5490.2 



T 2 = 



E b2 

^ o ) 



1815 W/m z 



5.67x10 8 W/m 2 -K 4 



= 423 K. 



(2,3) 



(4) 
(5,6) 



COMMENTS: A network representation would help to visualize the exchange relations. However, it 
is useful to approach the problem by recognizing there are two unknowns in the problem: Jj and J2; 
hence two radiation balances must be written. Note also the significance of J2 = Eb2 and J3 = Eb3- 
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PROBLEM 13.67 

KNOWN: Thermal conditions in oven used to cure strip coatings. 

FIND: Electrical power requirement. 

SCHEMATIC: 



msmsmsmsm 



JD=O.OZm- 



J[=i700Kr 



U 




T^600K 



OA 



s t =0.06m 
s z =O.OZm 
L = 0.0& m 



ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Furnace wall is reradiating, (3) Negligible end 
effects. 

ANALYSIS: The net radiant power leaving the heater surface per unit length is 

E bl- E b2 



qi = 



l-e l 



1 



- + 



l-s 2 



^ AiF 12 + [(l/A 1 F 1R ) + (l/A^F 2R )]- 1 *l*2 

where A\ = xD = ;r(0.02 m) = 0.0628 m and A' 2 = 2(si -s 2 ) = 0.08 m. The view factor 
between the heater and one of the strips is 



F21 = 



D/2 



_i si _i so 
tan —-tan — 



0.01 



si-s 2 L L LJ 0.04 

and using the view factor relations find 

A i F 12 = A 2^1 = °- 08 m x 0. 10 = 0.008 m 

FlR =1-Ii2 =1-0.127 = 0.873 



-1 0.06 -i 0.02 
tan tan 



0.08 



0.08 



= 0.10 



% = (0.080/0.0628)0.10 = 0.127 
F2R =1 -F21 =1-0.10 = 0.90. 



Hence, with = crT , 

qi = 



5.67x10" 



(l700) 4 -(600) 4 



1-0.9 



1-0.4 



+ - + 

0.9x0.0628 Q.008 + [1/(0.0628x0.873) + !/ (0.08 xO.90)]" 1 0.4x0.08 



qi 



4.66x10^ 



= 10,100 W/m. 



1.77 + 25.56 + 18.75 

COMMENTS: The radiosities for Ai and A 2 follow from Eq. 13.13, 
J! = E hl -(l-s l )q' l /£ l A{ =4.56xl0 5 W/m 2 

J 2 =E b 2 + (l-^2)qi/^2A 2 =l-97xl0 5 W/m 2 . 

From Eq. 13.26, find Jr and hence Tr as 

0.0628 x 0.873 (Ji - J R ) - 0.08 x 0.90( J R - J 2 ) = 0 

J R =3.08 xlO 5 W/m 2 =(tT 4 T r =1527 K. 
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PROBLEM 13.68 



KNOWN: Surface temperature and emissivity of molten alloy and distance of surface from top of 
container. Container diameter. 

FIND: Net rate of radiation heat transfer from surface of melt. 
SCHEMATIC: 



T 2 = 300 K 

8 2 =1.0 



L = 100 mm 




T-i = 900 K 
£i = 0.55 



ASSUMPTIONS: (1) Opaque, diffuse, gray behavior for surface of melt, (2) Large surroundings 

may be represented by a hypothetical surface of temperature T = T sur and s - 1,(3) Negligible 
convection at exposed side wall, (4) Adiabatic side wall. 

ANALYSIS: With negligible convection at an adiabatic side wall, the surface may be treated as 
reradiating. Hence, from Eq. (13.25), with Ai = A2, 



qi 



A l( E bl- E b2) 



\-s x 



l-s 2 



—+ zv + — 

*l fi 2 + [(l/IiR) + (l/F2R)] £2 



With Ri =Rj =(D/2)/L = 1.25 and S= 1 + + j/R? 



2.640, Table 13.2 yields 



-4(r 2 /r^ 



1/2 



= 0.458 



Hence, 



F^ R = F2 R = 1 - Y\ 2 = °- 542 and 



it (0.25m) 2 x 5.67 x 10 8 W / m 2 • K 4 (900 4 - 300 4 ) K 4 
qi = : ~ : = 3295W 



1-0.55 



1 



°- 55 0.458 + (3.69) 1 



+ 0 
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PROBLEM 13.69 



KNOWN: Blackbody simulator design consisting of a heated circular plate with an opening over a 
well insulated hemispherical cavity. 

FIND: (a) Radiant power leaving the opening (aperture), D a = vjl, (b) Effective emissivity of the 
cavity, s e , defined as the ratio of the radiant power leaving the cavity to the rate at which the circular 
plate would emit radiation if it were black, (c) Temperature of hemispherical surface, Th c , and (d) 
Compute and plot e e and Th c as a function of the opening aperture in the circular plate, D a , for the 
range r 0 /8 < D a < vjl, for plate emissivities of s p = 0.5, 0.7 and 0.9. 

SCHEMATIC: 



D a = r Q /2^ 




Opening (aperture) 

Plate, e = 0.9 

A,, 7^ =600 K 



' -< ,< ,< S ' 



Insulated hemispherical 
cavity, r Q = 1 00 mm 



ASSUMPTIONS: (1) Plate and hemispherical surface are diffuse-gray, (2) Uniform radiosity over 
these same surfaces. 

ANALYSIS: (a) The simulator can be treated as a three-surface enclosure with one reradiating 
surface (A2) and the opening (A3) as totally absorbing with no emission into the cavity (T3 = 300 K) 

The radiation leaving the cavity is the net radiation leaving Ai, qi which is equal to -q3. Using Eq. 
13.30, 

.(t/-t 3 4 ) 



q C av = qi = -03 



(l-q)/qA 1+ rA 1 F 1 3 + [(l/A 1 F l2 ) + (l/A3F3 2 )] l ] +(l-s 3 )/s 3 A 3 



(1) 



Using the summation rule and reciprocity, evaluate the required view factors: 
F H+ F 12+ F i3 =1 Pl3 =0 Pl2 =1 

I31+F32+I33 =1 ^2 =1 - 
Substituting numerical values with 63 = 1, T 3 = 300 K, A : = 7t{r% -(r 0 I A) 2 j = 15OTq /16 = 2.945 x 

2 2 2 2 3 2 

10 m , A3 = 7ir a -7r(r Q /4) = 1.963 x 10 m and A1/A3 = 15, and multiplying numerator and 

denominator by Ai, 

a^(t 1 -t 3 4 ) 



q C av = qi 



(l-^l)/^l+(fi3+[(l/Ii2) + (Al/A3E3 2 )]- 1 } +0 



(2) 



Continued 
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PROBLEM 13.69 (Cont.) 

2.945 x 10" 2 m 2 x 5.67 x 10" 8 W / m 2 • K 4 (600 4 - 300 4 ) K 4 

q C av=qi= ; y — — = i2.6w < 



(l-0.9)/0.9 + jo + [l + (l5/l)] 1 +0 



(b) The effective emissivity is the ratio of the radiant power leaving the cavity to that from a 
blackbody having the area of the opening and temperature of the inner surface of the cavity. That is, 



c lca\ 



12.6W 



= 0.873 



A30T1 1.963x10 m x5.67xl0 W/m -K x(600K) 
(c) From a radiation balance on Ai, find Ji, 



(3) < 



qi =12.6W 



E bl ~ J 1 



cr600 -Jt 



(l-q)/^ (l-09)/0.9A 1 



Jt =7301W/m z 



From a radiation balance on A2 with J3 = Eb3 = crT 4 = 459.9 W / m 2 and J 2 = oT 2 , find 



(4) 



J 2" J 1 J 2- J 3 _ J 2 -7301W/m z 



J 2 -459.9 



(I/AtFu) (1/A 3 F3 2 ) (i/ 2 .945xl0- 2 m 2 ) ( 



1/1.963x10 3 m 2 



= 0 



(5) 



3 2 = 6873W/m z 



T 2 =590K. 



(d) Using the foregoing equations in the IHT workspace, s e and T2 were computed and plotted as a 
function of the opening, D a , for selected plate emissivities, e p . 




o 



12.5 25 37.5 50 

Opening diameter, Da (mm) 



epsp = 0.5 

-e— epsp = 0.7 
-a— epsp = 0.9 



600 
595 
590 
585 
580 



12.5 25 37.5 50 

Opening diameter, Da (mm) 



epsp = 0.5 

-e— epsp = 0.7 
-tr— epsp = 0.9 



From the upper-left graph, s e decreases with increasing opening, D a , as expected. In the limit as D a — > 
0, 83 — » 1 since the cavity becomes a complete enclosure. From the upper-right graph, Th c , the 
temperature of the re-radiating hemispherical surface decreases as D a increases. In the limit as D a — » 
0, T2 will approach the plate temperature, T p = 600 K. The effect of decreasing the plate emissivity is 
to decrease e e and decrease T2. Why is this so? 

Continued 
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PROBLEM 13.69 (Cont.) 



COMMENTS: The 1HT Radiation, Tool, Radiation Tool, Radiation Exchange Analysis, Three- 
Surface Enclosure with Re-radiating Surface, is especially convenient to perform the parametric 
analysis of part (c). A copy of the IHT workspace that can generate the above graphs is shown below. 

// Radiation Tool - Radiation Exchange Analyses, Reradiating Surface 

/* For the three-surface enclosure A1 , A3 and the reradiating surface A2, the net rate of radiation transfer 
from the surface A1 to surface A3 is 7 

q1 = (Eb1 -Eb3)/( (1 -eps1)/(eps1 * A1) + 1/(A1 * F13+ 1/(1/(A1 * F12) + 1/(A3* F32))) + (1 - 
eps3)/(eps3 * A3)) // Eq 13.25 

/* The net rate of radiation transfer from surface A3 to surface A1 is 7 
q3 = q1 

/* From a radiation energy balance on A2, 7 

(J2 - J1) / (1/(A2 * F21)) + (J2 - J3)/(1/(A2 * F23) ) = 0 // Eq 13.26 

/* where the radiosities J1 and J3 are determined from the radiation rate equations expressed in terms of 
the surface resistances, Eq 13.16 7 
q1 =(Eb1 -J1)/((1 -eps1)/(eps1 *A1)) 
q3 = (Eb3 - J3) / ((1 - eps3) / (eps3 * A3)) 
// The blackbody emissive powers for A1 and A3 are 
Eb1 = sigma * T1 A 4 
Eb3 = sigma * T3 A 4 
// For the reradiating surface, 
J2 = Eb2 

Eb2 = sigma * T2 A 4 
sigma = 5.67E-8 

// Effective emissivity: 

epseff = q1 /(A3*Eb1) 

// Areas: 

A1 = pi * ( ro A 2 ■ ra A 2) 
A2 = 0.5 * pi * (2 * ro) A 2 
A3 = pi * ra A 2 

// Assigned Variables 

T1 = 600 
eps1 = 0.9 
T3 = 300 
eps3 = 0.9999 
ro = 0.1 
Da = 0.05 

Da_mm = Da * 1 000 
Ra = Da/2 



// Stefan-Boltzmann constant, W/m A 2 K A 4 



// Eq (3) 



// Hemisphere, As = 0.5 * pi * D A 2 



// Plate temperature, K 

// Plate emissivity 

// Opening temperature, K; Tsur 

// Opening emissivity; not zero to avoid divide-by-zero error 
// Hemisphere radius, m 

// Opening diameter; range ro/8 to ro/2; 0.0125 to 0.050 

// Scaling for plot 
// Opening radius 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.70 

KNOWN: Long hemi-cylindrical shaped furnace comprised of three zones. 

FIND: (a) Heat rate per unit length of the furnace which must be supplied by the gas burners and (b) 
Temperature of the insulating brick. 

SCHEMATIC: 

^t^^r-y^^r® Insulating brick, £.-0.6 

Metal proc/uc+s,(2)~A >^V>^ ! ^ Ceramic plate, 
T z =5O0K,s z -l, A/lrn I XA Tr-1600K.zr-0.85, 

E bz --aT+=3544W/mZ /¥ \ j / Y\ £ M = <rV=S7l,5&}W/m*- 

Insulating wall — ' ^^&as burners 

separating zones 

ASSUMPTIONS: (1) Surfaces are opaque, diffuse-gray or black, (2) Surfaces have uniform 
temperatures and radiosities, (3) Surface 3 is perfectly insulated, (4) Negligible convection, (5) 
Steady-state conditions. 

ANALYSIS: (a) From an energy balance on the ceramic plate, the power required by the burner is 
^burners = 1i> tne net radiation leaving Aj; hence 

qi = A ifi2 ( Ji - h ) + Afi 3 ( Ji - J 3 ) = o + Afi 3 ( Ji - j 3 ) (i) 

since F12 = 0. Note that J2 = = 0T2 anc ^ tnat Jl an( ^ ^3 are unknown. Hence, we need to write 
two radiation balances. 

Ai: h Eb \T Jl A =qi=0 + AiF 13 (J 1 -J 3 ) (2) 

A 3 : 0 = A 3 F3 ! ( J 3 - Ji ) + A 3 F3 2 ( J 3 - E b2 ) 

J 3 =^i±M 
2 

since F31 = F23. Substituting Eq. (3) into (2), find 

(371,589-J 1 )/(l-0.85)/0.85 = l[j 1 -(J 1 +3,544)/2] 

Ji =341,748 W/m 2 J 3 = 172,646 W/m 2 

using E bl = aTi = 371,589 W/m 2 and E b2 = 0T2 = 3544 W/m 2 . Substituting into Eq. (1), find 
q\ =1 mxl(341,748-172,646)W/m 2 =169 kW/m. < 

(b) The temperature of the insulating brick, acting as a reradiating surface, is 
J 3 =E b3 =crT 3 

T 3 =(j 3 /o-) 1/4 =(l72,646W/m 2 /5.67xl0" 8 W/m 2 -K 4 j 1/4 =1320 K. < 
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PROBLEM 13.71 



KNOWN: Steam producing still heated by radiation. 

FIND: (a) Factor by which the vapor production could be increased if the cylindrical side of the 
heater were insulated rather than open to the surroundings, and (b) Compute and plot the net heat rate 
of radiation transfer to the still, as a function of the separation distance L for the range 15 < L < 100 
mm for heater temperatures of 600, 800, 1000°C considering the cylindrical sides to be insulated. 



SCHEMATIC: 

stiii ~ y^^^^ 

+— T 0 „ r =27 0 C j U7^ = 100°C 



Insulated 
side 



' sur 



Heater 



L = 1 00 mm 

i j- 7 ., = 1000 °C 



' V 
V 



—A* 



3 



' ^A 2 ft 



-D = 200 mm 



'A 



ASSUMPTIONS: (1) Still and heater surfaces are black, (2) Surroundings are isothermal and large 
compared to still heater surfaces, (3) Insulation is diffuse-gray, (4) Negligible convection. 

ANALYSIS: (a) The vapor production will be proportional to the net radiation exchange to the still. 
For the case when the sides are open (o) to the surroundings, the net radiation exchange leaving A2 is 
from Eq. 13.17. 

q2,o = q21 + q2s = A 2P21^ ( T 2 " V ) + A 2P2S^ ( T 2 " T s 4 ur ) 

where F 2s = 1 - F 2 i and F 2 i follows from Fig. 13.5 with L/rj = 100/100 = 1, rj/L = 100/100 = 1. 
F2 1= 0.38 

With A 2 =;rD 2 /4, find 

;r(0.200m) 2 _c 9 a( / 4 a\ A , si A a\ t 

q 2o = — — x 5.67 x 10 W/m K |0.38 \373 - 1273 JK + (l - 0.38) (^373 - 300 j K 



q 2 , 0 =-1752W. 



without insulation 



With the cylindrical side insulated (i), a three-surface, re-radiating enclosure is formed. Eq. 13.25 can 
be used to evaluate q 2j i and with e 2 = 81 = 1, the relation is 

cr^-Ti) 4 



I2,i 



1 



Aij^+Cl/fiR+l/^R]- 1 }^^ 4 -^ 4 ) 



A 1 F 12 +[(1/A 1 F 1R ) + (1/A 2 F 2R )] 1 



Recall F 12 = 0.38 and F iR = 1 - F12 = 1 - 0.38 = 0.62, giving 

\2 



^-(0.200 m) I r o ?/4 4\ 

q 2 ,i=— — J0.38 + [1/0.62 + 1/0.62] i J5.67xlO 8 W/m z -K^373 4 -1273 4 jK 

q 2)i = -3204 W. 



with insulation 



Continued 
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PROBLEM 13.71 (Cont) 



Hence, the vapor production rate is increased by a factor 

q2) insul _ 3204W _ lg3 

q 2 ) 1752W 
nz 'open 



That is, the vapor production is increased by 83%. < 

(b) The IHT Radiation Tool — Radiation Exchange Analysis for the Three-Surface Enclosure with a 
reradiating surface can be used directly to compute the net heat rate to the still, qi = q2, as a function 
of the separation distance L for selected heater temperatures Ti. The results are plotted below. 



a> 
"5 

» 

CO 
CD 
X 




25 50 75 100 

Separation distance, L (mm) 



T1 = 600 C 
T1 = 800 C 
T1 = 1000 C 



Note that the heat rate for all values of Ti decreases as expected with increasing separation distances, 
but not markedly. For any separation distance, increasing the heater temperature greatly influences the 
heat rate. For example, at L = 50 mm, increasing Ti from 600 to 800 K, causes a nearly 6 fold 

increase in the heat rate. But increasing Ti from 800 to 1000 K causes only a 2 fold increase in the 
heat rate. 

COMMENTS: When assigning the emissivity variables (si, S2, 83) in the IHT model mentioned 
above, set s = 0.999, rather than 1.0, to avoid a "division by zero" error message. You could also call 
up the Radiation Tool, View Factor Coaxial Parallel Disk to calculate F12. 
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PROBLEM 13.72 



KNOWN: Furnace with cylindrical heater and re-radiating, insulated walls. 
FIND: (a) Power required to maintain steady-state conditions, (b) Temperature of wall area. 
SCHEMATIC: 



Xnsulated wall, > 

A R> e R =a? T 

h=0.87m 
A. 




Heating element, A, fT^lSOOK 



~J$o~H~om 



=SOOK 
6 



K — W=lm—>\ 

ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Furnace is of length I where I » w, (3) 
Convection is negligible, (4) A! « A 2 . 

ANALYSIS: (a) Consider the furnace as a three surface enclosure with the walls, Ar, represented as 
a re-radiating surface. The power that must be supplied to the heater is determined by Eq. 13.25. 

,(t 4 -T 4 ) 

qi= r ir* 

(l-q)/qA 1 + ^A 1 F 12 + [(l/A 1 F 1R ) + (l/A 2 F 2R )] j + (l-e 2 )/e 2 A 2 

Note that Ai = nd £ and A2 = w i . By inspection and the summation rule, find F12 = 607360° = 
0.167, Fir = 1 - F12 = 1 - 0.167 = 0.833, and F 2R * 1. With q\ =({\ll, 



qi =■ 



5.67x10 5 V> / m 2 -K 4 (l500 4 -500 4 jK 4 



0 + 



;r(l0xl0 3 jmx0.167+ ^1/^-^10x10 3 m)x0.83) + (l/lmxl) 



-1 



+ (l-0.6)/0.6xl m 



qi =8518 W/m. 

(b) To determine the wall temperature, apply the radiation balance, Eq. 13.26, 

J 1~ J R J R~ J 2 _ J 1" J R J R _J 2 



or 



(i/Al^R) ( 1 / a 2 f 2r) (l/^10xl0" 3 mx0.833) (l/lmxl) 

J R =(jT R =(Ji + 38.21 J 2 )/39.21. 

4 t 1 

Since Ai is a blackbody, Ji = E^i = uly . To determine J2, use Eq. 13.13. Noting that qj = -q 2 , 

find 

°l2 =( E b2- J 2) / ( 1 - ff 2) /ff 2 A 2 or h = E b2-q2( 1 -^2) /f 2 A 2 



(1) 



J 2 =5.67x10 8 W/m 2 -K 4 (500 K) 



2 T Ar.^r,\4 (-8518 W/m) (1-0.6) 2 

0.6(lm) 



9222 W/m z 



Substituting this value for J 2 into Eq. (1), the wall temperature can be calculated. 

J R = ^5.67 x 10" 8 W / m 2 • K 4 (1500K) 4 + 38.21 x 9222 W / m 2 J / 39.21 = 16, 308 W / m 2 

T R =(J r /cj) 1/4 =|l6,308W/m 2 /5.67xl0" 8 W/m 2 -K 4 J 1/4 =732 K. < 

COMMENTS: Considering the entire wall as a single re -radiating surface may be a poor assumption 
since J R is not likely to be uniform over this large an area. It would be appropriate to consider several 
isothermal zones for improved accuracy. 
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PROBLEM 13.73 



KNOWN: Dimensions, temperature and emissivity of radiant heating tubes, temperature and 
emissivity of heated material, location of reradiating surface. 



FIND: Net radiative heat flux to the heated material. 

Reradiating 
SCHEMATIC: surface 



T, = 1000 K 
e, = 0.87 




s,= 0.26 



ASSUMPTIONS: Diffuse, gray behavior. 

ANALYSIS: Treating the tubes as a single surface, the heat transfer rate from Surface 1 to 
Surface 2 is given by 



1l = -12 = J_ 



E bl ~ E b2 



1-8, 



BiAi A 1 F 12 + [(1/A 1 F 1R ) + (1/A 2 F 2R )P %A 2 

Utilizing the reciprocity relationship, incorporating the Stefan-Boltzmann law, and dividing by 
area A 2 , 



qi = -q 2 



(l-Si)A 2 



l-Er, 



eiAj A^ + ^I/ArIVO + CI/A^)]" 1 £ 2 A 2 



From Table 13.1 for the infinite plane and row of cylinders, 



(1) 



f D \ 2 



1/2 



tan 



^ s 2 -D 2 ^ 
D 2 



1/2 



F 21 =l- 



1- 



(0.02^ 




1/2 






2 




tan 1 












1 0-05 j 




+ 1 0.05 J 







^0.05 2 -0.02 2 
0.02 2 



= 0.5472 = Fr! 



Therefore, F 2R = 1 - 0.5472 = 0.4528. 



Continued. 
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PROBLEM 13.73 (Cont.) 



For a unit cell as shown in the schematic, A 2 = s, Ai = nD, and A R = s. Therefore Eq. (1) is 
written as, 



qi = -Q2 



a( Tl 4 -T 2 4 ) 



(1-^)8 



(l-Ba) 



*i*E> + sF 21+ [(l/sF R1 ) + (l/sF 2R )p 1+ ^2 



or 



s W 
5.67 xlO~ 8 ^- 



q 1 = -q 2 = 



m 2 -K 4 



(1000K) 4 -(500K) 4 



(1- 0.87) x 0.05 



0.05 



(1-0.26) 



' + -p + - 

0.87x^x0.02 0.05x0.5472 + [(1/0.05x0.5472) + (1/0.05x0.4528)] °- 26 



q 1= -q 2 = 12,590 W/m 2 



COMMENT: The heat flux is independent of the separation distance between the heater and the 
material. Does this make sense? 
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PROBLEM 13.74 

KNOWN: Very long, triangular duct with walls that are diffuse-gray. 

FIND: (a) Net radiation transfer from surface Ai per unit length of duct, (b) The temperature of the 
insulated surface, (c) Influence of S3 on the results; comment on exactness of results. 

SCHEMATIC: 

/ r yw^—- Ai J^IOOOK, E 1 =0. 33 
Width, all sides )W ^m/^C^^ AzTzs70oK ^. QS 

Insulated surface-^'//////////////// 



ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Duct is very long; end effects negligible. 

ANALYSIS: (a) The duct approximates a three-surface enclosure for which the third surface (A3) is 
re-radiating. Using Eq. 13.25 with A3 = Ar, the net exchange is 



qi = -Q2 = 



E bl ~ E b2 



(l-l) 



1 



(1-2) 



(1) 



^1 A 1 A 1 F l2+ (l/A 1 F lR+ l/A 2 F 2R ) 1 e 2 A 2 



From symmetry, F12 = Fir - F2R - 0.5. With Ai = A2 = w- 1, where i is the length normal to the 
page and w = 1 m, 

qi=q 1 /^ = (q 1 /A 1 )w 



qi = 



(56,700-13,614) W/m 2 xlm 



(1-0.33) 



+ - 



- + 



(1-0.5) 



= 9874 W/m. 



°- 33 0.5 + (l/0.5 + l/0.5) 1 °- 5 

(b) From a radiation balance on Ar, 

n E b3 ~ J 1 E b3~ J 2 
q R =q 3 =0 = r + r or 



(^l) 1 (^2) 1 



E b3 = 



Jj+J 2 



(2) 



To evaluate Ji and J2, use Eq. 13.13, 



J i - E b,i 



qi ( l - £ i) 

A i 3 



J : =56, 700 -(9874) 



1-0.33 
0.33 

1-0.5 



= 36,653 W/ni 



J 2 =13, 614 -(-9874) - = 23,488 W/m 



0.5 



From Eq. (2), now find 



J/4 



T 3 =(E b3 / C x) 1/4 =([j 1+ J 2 ]/2 C T) 1 - = 



1/4 



(36, 653 + 23, 488) W/m' 
2f5.67xl0" 8 W/m 2 -K 4 



= 853 K. 



(c) Since A3 is adiabatic or re -radiating, J3 = Eb3. Therefore, the value of S3 is of no influence on the 

radiation exchange or on T3. In using Eq. (1), we require uniform radiosity over the surfaces. This 
requirement is not met near the corners. For best results we should subdivide the areas such that they 
represent regions of uniform radiosity. Of course, the analysis then becomes much more complicated. 
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PROBLEM 13.75 

KNOWN: Dimensions for aligned rectangular heater and coated plate. Temperatures of heater, plate 
and large surroundings. 

FIND: (a) Electric power required to operate heater, (b) Heater power required if reradiating 
sidewalk are added, (c) Effect of coating emissivity and electric power. 

SCHEMATIC: 



Surroundings ^r— , 

at 300 K or 1m ' 
reradiating — f- 
• side walls q.5 m 



2 m 



Heater (e 1 = 1 ) 
= 700 K 

To = 400 K 
Cc 



oating ( 0.1 ^ e 2 ^1) 

ASSUMPTIONS: (1) Steady-state, (2) Blackbody behavior for surfaces and surroundings (Parts (a) 
and(b)). 



ANALYSIS: (a) For si = s 2 = 1, the net radiation leaving Ai is 
qelec = 01 = A 1 I 12C J ( T l 4 " T 2 ) + Al^sur^ ( 



I T l 4 - T sur 



From Fig. 13.4, with Y/L = 1/0.5 = 2 and X/L = 2/0.5 = 4, the view factors are ¥ n « 0.5 and F sur * 1 
0.5 = 0.5. Hence, 



q elec = I 2m 2 ) 0.5x5.67x10 8 W/m 2 -K 4 



■M 



0.5x5.67x10 8 W/m 2 -K 4 



(700 K) 4 -(400 K) 4 
(700 K) 4 -(300 K) 4 =(12,162 + 13,154)W = 25,316W. < 



(b) With the reradiating walls, the net radiation leaving Ai is q e i ec = qi = qi2- From Eq. 13.25 with si 
= S2 = 1 and Ai = A 2 , 



q e i( 



ec 



qelec = A lC x (t : 4 - T 2 4 ) + [(l / Y\ R ) + (l / Fjr 
(2m 2 ) 5 . 



67x10 8 W/m 2 -K 4 



(700 K) 4 - (400 K) 4 xj0.5 + [(l/0.5) + (l/0.5)] 1 



q elec =18,243W. 

(c) Separately using the IHT Radiation Tool Pad for a three-surface enclosure, with one surface 
reradiating, and to perform a radiation exchange analysis for a three-surface enclosure, with one 
surface corresponding to large surroundings, the following results were obtained. 



Continued 
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PROBLEM 13.75 (Cont) 




In both cases, the required heater power decreases with decreasing 82, and the trend is attributed to a 

reduction in 0,2 = 82 an d hence to a reduction in the rate at which radiant energy must be absorbed by 
the surface to maintain the prescribed temperature. 

COMMENTS: With the reradiating walls in part (b), it follows from Eq. 13.26 that 
JR = E b R = ( Jl + h ) / 2 = (E bl + E b2 ) / 2. 



Hence, Tr = 604 K. The reduction in q e i ec resulting from use of the walls is due to the enhancement 
of radiation to the heater, which, in turn, is due to the presence of the high temperature walls. 
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PROBLEM 13.76 



KNOWN: Configuration and operating conditions of a furnace. Initial temperature and emissivity of 
steel plate to be treated. 

FIND: (a) Heater temperature, (b) Sidewall temperature. 
SCHEMATIC: 

Radiant heaters 




H=ZnM 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surface behavior, (3) 
Negligible convection, (4) Sidewalls are re-radiating. 

ANALYSIS: (a)FromEq. 13.25 



11 = 



E bl _E b2 



1 



A 1 F 12+ r(A 1 F 1R )- 1 +(A 2 F 2R )- 1 



_1 ' ^2 A 2 



■ = 1.5xlO J W 



- + 



Note that A 1 = A 2 = 4m 2 and E b2 = oT 4 = 5.67 x 10" 8 W/m 2 K 4 (300 K) 4 = 459 W/m 2 . From Fig. 
13.4, with X/L = Y/L = 1, F J2 = 0.2; hence Fir = 1 - Fi 2 = 0.8, and F 2R = Fir = 0.8. With (l-ei)/ei = 
0.25 and (1 - 8 2 )/s 2 = 1.5, find 



1.5xlQ J W 
4m 2 



E bl -459W/m 2 



0.25 + 



0.2 + [1.25 + 1.25] 



-1 



+ 1.5 



E bl -459W/m 2 
3.417 



E bl = 1.28xl0 5 W/m 2 +459W/m 2 = 1.29xl0 5 W/m 2 = oT 4 
Tj =(l.29xl0 5 W/m 2 /5.67xl0" 8 W/m 2 -K 4 J 1/4 =1228 K. 



(b) From Eq. 13.26, it follows that, with AiFir = A 2 F 2 r, 

Jr=<7t£=(J 1 + J 2 )/2 

(l-ei) 5 9 0.2xl.5xl0 5 W 
FromEq. 13.13, Ji = E bl — q : = 1.29xHrw/nr 

Jj = 1.196xl0 5 W/m 2 . 
Withq 2 = qi = - 1.5 x 10 5 W, 

J 2 = E b2"~ — q2 = 459W/m z +- 



0.6 



^2 A 2 



0.4 x 4m" 



0.8 x 4m 



-1.5 xl0 5 W = 5.67 xlO 4 W/m 2 



1.196xlO J W/ni +5.67x10^ W/m" 
2x5.67xl0" 8 W/m 2 -K 4 



\l/4 



-1117 K. 



7 



COMMENTS: (1) The above results are approximate, since the process is actually transient. (2) Ti 
and Tr will increase with time as T 2 increases. 
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PROBLEM 13.77 

KNOWN: Dimensions, surface radiative properties, and operating conditions of an electrical furnace. 

FIND: (a) Equivalent radiation circuit, (b) Furnace power requirement and temperature of a heated 
plate. 



SCHEMATIC: 



AzTz=400K ) E 2 --0.5 



-< 



9 * q f-AJ^--0.6 



7777777777777777777777777, 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surfaces, (3) Negligible plate 
temperature gradients, (4) Back surfaces of heater are adiabatic, (5) Convection effects are negligible. 

ANALYSIS: (a) Since there is symmetry about the plate, only one -half (top or bottom) of the system 
need be considered. Moreover, the plate must be adiabatic, thereby playing the role of a re-radiating 
surface. 

i-£j 1 l-Ez. 




(b) Note that A t = A 3 = 4 m and A 2 = (0.5 m x 2 m)4 = 4 m. From Fig. 13.4, with X/L = Y/L = 4, 
F n = 0.62. Hence 



<13 

1^2=1-113=0.38, and 

It follows that 

A 1 F 12 = 4(0.38) = 1.52m 2 

A 1 F 13 =4(0.62) = 2.48 m 2 , 

A3F32 =4(0.38) = 1.52m 2 , 

Also, 



F32 =Il 2 =0.38. 



(\-£l)lsiA x =0.1/3.6m 2 = 0.0278m" 2 
(1 - s 2 ) I £ 2 A 2 = 0.7 / 1 .2 m 2 = 0.583 m" 2 . 



E bl =o-T 1 4 =5.67x10 8 W/m 2 -K 4 (800 K) 4 = 23,224W/m 2 , 

E b2 = ^T 4 =5.67 xl0" 8 W/m 2 - K 4 (400 K) 4 = 1452 W/m 2 . 

The system forms a three-surface enclosure, with one surface re-radiating. Hence the net radiation 
transfer from a single heater is, from Eq. 13.30, 

Ebl"Eb2 



qi 



\-e l 



1 



\-e 2 



+ ZT + 

^1 A 1 A1F12 +[1/ A1F13 +11 A3F32] £ 2 A 2 



Continued 
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where 



Also, 



PROBLEM 13.77 (Cont) 

(23, 224- 1452) W/m 2 
qi = ^ '- - = 21.4kW. 

(0.0278 + 0.4061 + 0.583) m" 2 
The furnace power requirement is therefore q e i ec = 2qi = 43.8 kW, with < 

q 1= E bl~ J l . 
(\-ei)lsiA\ 

J I = E bl - qi — ^- = 23, 224 W / m 2 - 2 1, 400 W x 0.0278 m" 2 

Ji = 22, 679 W/m 2 . 

h = E b2 -q 2 ^ 2 - = l,452W/m 2 -(-21,400W)x0.583rn~ 2 

J 2 =13,928W/m 2 . 
From Eq. 13.26, 

Hzh - J 3~ J 2 
1/^3 1/A 3 F3 2 

Jl ~ J3 _ A 3^32 _ 1-52 _ Q613 
J3-J2 ^3 2.48 

1.613J 3 =J 1 +0.613J 2 =22,629 + 8537 = 31,166W/m 2 
J 3 =19,321W/m 2 
Since J3 = Eb3, 

T 3 =(E b3 /o-) 1/4 =(l9,321/5.67xl0" 8 j 1/4 =764 K. < 

COMMENTS: (1) To reduce q e iec> the sidewall temperature T2, should be increased by insulating it 

from the surroundings. (2) The problem must be solved by simultaneously determining Ji, J2 and J3 
from the radiation balances of the form 

(l E ^2A2 =A ^ l(J2 ' Jl) + A2 ^ (J2 ' J3) 
0 = A,Fi3(J3-J 1 ) + A 2 F,3(J3-J2). 
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PROBLEM 13.78 

KNOWN: Geometry and surface temperatures and emissivities of a solar collector. 
FIND: Net rate of radiation transfer to cover plate due to exchange with the absorber plates. 
SCHEMATIC: 




s 1 = 0.9 i T 1 =23°C 




4 1 =A 2 = A 3 = ( r l777X^) 

£ Z =L0,T 2 =60°C 
e 5 --L0,T 3 =V0 o C 



ASSUMPTIONS: (1) Isothermal surfaces with uniform radiosity, (2) Absorber plates behave as 
blackbodies, (3) Cover plate is diffuse-gray and opaque to thermal radiation exchange with absorber 
plates, (4) Duct end effects are negligible. 

ANALYSIS: Applying Eq. 13.15 to the cover plate, it follows that 

E bi - h = I t^tt = [ Al ^ 2 ( J i - J 2 ) + A rt 3 ( * - j 3 )] ■ 

*1 A 1 j=l (AjFy) 

From symmetry, F12 = F13 = 0.5. Also, J2 = Eb2 and J3 = Eb3- Hence 

E bl -Ji = 0.0556(21! -E b2 -E b3 ) 
4 

or with Ej, = crT , 

1 .1 1 Ux = E bl + 0.0556 (E b2 + E b3 ) 

1 . 1 1 Ui = 5.67 x 10" 8 (298) 4 W / m 2 + 0.0556 ^5.67 x 10" 8 j (333) 4 + (343)' 

jj =476.64 W/m 2 
From Eq. 13.13 the net rate of radiation transfer from the cover plate is then 

Eui-Ji 5.67xl0" 8 (298) 4 -476.64 . . 

qi = t b \ 1 = 7 \ ' , r = (-265.5*) W. 

{\-si)ls x K x (1 -0.9)/ 0.9 (I) v ' 

The net rate of radiation transfer to the cover plate per unit length is then 

=( qi /^) = 266 W/m. < 

COMMENTS: Solar radiation effects are not relevant to the foregoing problem. All such radiation 
transmitted by the cover plate is completely absorbed by the absorber plate. 



W/m' 
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PROBLEM 13.79 



KNOWN: Cylindrical peep-hole of diameter D through a furnace wall of thickness L. Temperatures 
prescribed for the furnace interior and surroundings outside the furnace. 



FIND: Heat loss by radiation through the peep-hole. 
SCHEMATIC: 



Furnace 
interior 




1300 K 



Ai 



Refractory 
material 



Surroundings, 
T, = 300 K 



f H2 
D= 125 mm 



L = 250 mm-H 



1 



ASSUMPTIONS: (1) Steady-state conditions, (2) Furnace interior and exterior surroundings are 
large, isothermal surroundings for the peep-hole openings, (3) Furnace refractory wall is adiabatic and 
diffuse-gray with uniform radiosity. 

ANALYSIS: The open-ends of the cylindrical peep-hole (Ai and A2) and the cylindrical lateral 

surface of the refractory material (Ar) form a diffuse-gray, three-surface enclosure. The hypothetical 

areas Aj and A2 behave as black surfaces at the respective temperatures of the large surroundings to 

which they are exposed. Since A r is adiabatic, it behaves as a re-radiating surface, and its emissivity 

has no effect on the analysis. From Eq. 13.25, the net radiation leaving Ai passes through the 
enclosure into the outer surroundings. 

Ebl" E b2 



qi = -q2 



l-si 



1 



\-s 2 



n A l + A\ Fb +[(1/Ai F 1R ) + (1/A 2 F2R)]" 1 + s 2 A 2 



4 -8 2 4 

Since 81 = £2 = 1, and with Ej, = a T where a - 5.67 x 10 W/m K , 

qi = | A 1 % +[(1/Ai F! R ) + (1/ A 2 F 2R )]- 1 W(T 1 4 -T 2 4 ) 



where Ai = A2 = n D /4. The view factor F12 can be determined from Table 13.2 (Fig. 13.5) for the 
coaxial parallel disks (Ri = R 2 = 125/(2 x 250) = 0.25 and S = 17.063) as 
Y\ 2 = 0.05573 

From the summation rule on Ai, with F1 1 =0, 

Fn + F 12 + F 1R = 1 

F 1R = 1 - Fi 2 = 1 - 0.05573 = 0.9443 
and from symmetry of the enclosure, 

FjR = F[ R = 0.9443 

Substituting numerical values into the rate equation, find the heat loss by radiation through the peep- 
hole to the exterior surroundings as 

qioss = qi = io46w < 

COMMENTS: If you held your hand 50 mm from the exterior opening of the peep-hole, how would 
that feel? It is standard, safe practice to use optical protection when viewing the interiors of high 
temperature furnaces as used in petrochemical, metals processing and power generation operations. 
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PROBLEM 13.80 



KNOWN: Composite wall comprised of two large plates separated by sheets of refractory insulation 
of thermal conductivity k = 0.05 W/m-K; gaps between the sheets of width w = 10 mm, located at 1 - 
m spacing, allow radiation transfer between the plates. 

FIND: (a) Heat loss by radiation through the gap per unit length of the composite wall (normal to the 
page), and (b) fraction of the total heat loss through the wall that is due to radiation transfer through 
the gap. 

SCHEMATIC: 



Hot side 



w = 10 mm 

Ti = 400°C, e, = 0.85 




Cold side 



T 2 = 35°C, s 2 = 0.50 
Insulation, it = 0.05 W/m-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Surfaces are diffuse-gray with uniform radiosities, 
(3) Refractory insulation surface in the gap is adiabatic, and (4) Heat flow through the wall is one- 
dimensional between the plates in the direction of the gap centerline, (5) Negligible contact resistance, 
(6) Negligible free convection in gap. 

PROPERTIES: Air (T = 490 K): k = 0.040 W/m-K. 

ANALYSIS: (a) The gap of thickness w and infinite extent normal to the page can be represented by 
a diffuse-gray, three-surface enclosure formed by the plates Ai and A2 and the refractory walls, Ar. 
Since Ar is adiabatic, it behaves as a re -radiating surface, and its emissivity has no effect on the 
analysis. From Eq. 13.25, the net radiation leaving the plate A1 passes through the gap into plate A2. 



<n = -q2 = -[: 



E bl- E b2 



+ 



1 



+ 



1-B2 



* lAl A 1 F 12+ [(1/A 1 F 1R ) + (1/A 2 F 2R )]- 1 ^A 2 

4 -8 2 4 

where Eb = cr T with a - 5.67 x 10 W/m -K and A] = A2 = W • I , but making I = 1 m to obtain 

qi (W/m). 

The view factor F12 can be determined from Table 13.2 (Fig. 13.4) for aligned parallel rectangles 
where X = X/L = oo since X -> 00 and Y = Y / L = W/ L = 10/50 = 0.2 giving 

T\ 2 = 0.09902 

From the summation rule on Ai, with Fi 1 = 0, 

F 11 +F 12 +Fir = 1 F 1R =1-Fi2 =1-0.09902 = 0.901 



and from symmetry of the enclosure, 
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PROBLEM 13.80 (Cont.) 



F2r= Fi R =0.901. 



Substituting numerical values into the rate equation, find the heat loss through the gap due to radiation 

as 



qrad=qi=37W/m 



< 



(b) The conduction heat rate per unit length (normal to the page) for a 1 - m section is 



Qcond Icond, ins Icond, air 



0.05 W/m-Kx(l m-O.lm) 




' 0.050 mm 
(400-35)K 
0.050mm 



+ 0.04W/m-Kx0.01m 



= 361.4 W/m + 2.92 W/m = 364 W/m 



The fraction of the total heat transfer through the 1 - m section due to radiation is 



q r ad _ Irad ^7 



= 9.2% 



< 



Qtot qcond+q r ad 364 + 37 



We conclude that if the installation process for the sheet insulation can be accomplished with a smaller 
gap, there is an opportunity to reduce the cost of operating the furnace. 
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PROBLEM 13.81 

KNOWN: Diameter, temperature and emissivity of a heated disk. Diameter and emissivity of a 
hemispherical radiation shield. View factor of shield with respect to a coaxial disk of prescribed 
diameter, emissivity and temperature. 

FIND: (a) Equivalent circuit, (b) Net heat rate from the hot disk. 
SCHEMAT 1^ _j_ i-s 4 



E 3*3 J3 A 3 F 34 J4 U A 4 




ASSUMPTIONS: (1) Surfaces may be approximated as diffuse/gray, (2) Surface 4 is reradiating, (3) 
Negligible convection. 

ANALYSIS: (a) The equivalent circuit is shown in the schematic. Since surface 4 is treated as 
reradiating, the net transfer of radiation from surface 1 is equal to the net transfer of radiation to 

surface 3 (qi = -q3). 

(b) From the thermal circuit, the desired heat rate may be expressed as 

Ebl"E b 3 



qi = 



1- 



+- 



1 



2(1-^2) 

-+— - — — + 



filAi A 1 F 12 s 2 A 2 



A2F23+- 



- + - 



A2F24 A3F34 



-1 



+ 



f 3 A 3 



where Ai = A 3 = nT)\ I A = 7i(0.05 m) 2 /4 = 1.963 x 10" 3 m 2 , A 2 = 7tD\ 12 = 2Ai = 3.925 x 10" 3 m 2 , 

F12 = 1, and F24 = 1 - F 23 = 0.7. With F34 = 1 - F 32 = 1 - F 2 3(A 2 /A3) = 1 - 0.3(2) = 0.4, it follows 
that 
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qi = 



PROBLEM 13.81 (Cont) 



l-q | 1 | 2 ( 1 ~ g 2) A! | 
fil % ^2 A 2 



A 2t? ^ 1 



A2F24 A3F34 



-1 



+ 



1-^3 
s 3 



qi = 



a 1ct (t/-t 3 ^ 



0.667 + 1 + 49 + 



-i-l 



0.6 + 



1 



J_ J_ 
L4 04 



0.667 + 1 + 49 + 1.098 + 1.5 



+ 1.5 



qi=0.0188( 



[.963x10 3 m 2 U.67xl0 8 W/m 2 • K 4 (900 4 -400 4 |k 4 



qi=1.32W < 

COMMENTS: Radiation transfer from 1 to 3 is impeded and enhanced, respectively, by the radiation 
shield and the reradiating walls. However, the dominant contribution to the total radiative resistance is 
made by the shield. 
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PROBLEM 13.82 

KNOWN: Cylindrical cavity with prescribed geometry, wall emissivity, and temperature. Temperature 
of surroundings. 

FIND: (a) Net radiation heat transfer from the cavity treating the bottom and sidewall as one surface, (b) 
Net radiation heat transfer from the cavity treating the bottom and sidewall as two separate surfaces. 

SCHEMATIC: 



T sur =300K 




D= 100mm 



T c = 1 500 K 
s c = 0.6 

ASSUMPTIONS: (1) Cavity interior surfaces are diffuse-gray, (2) Surroundings are much larger than 
the cavity opening A3. 

ANALYSIS: (a) We begin by finding the relevant areas and view factors. 
A : = A3 = nY) 1 14 = 7.85 x 10" 3 m 2 

A 2 =;z-DL = 1.57xlO" 2 m 2 

A c = At + A 2 = 2.36 x 10" 2 m 2 

From Table 13.2, Coaxial Parallel Disks, with r,/L = 0.050/0.050 = 1 and r 3 /L = 1, find 

Fl3= F31 =0-382 
Then, F 32 = % = 1 - ^3 = 0.618 

F 21 =F 23 = A 1 F 12 /A 2 =0.309 
The shape factor from the combined surfaces 1 and 2 to the surroundings is 

F c-s = F 12-3 = A 3 F 3-12 /A 12 =7.85xl0" 3 m 2 x 1/2.36 x 10" 2 m 2 =0.333 
The combined surface A c exchanges radiation with the large surroundings. The net radiation heat transfer 
from the cavity is given by Eq. 13.18 with A 2 in that equation representing the surroundings, such that A 2 
— >co, and the equation reduces to 



qA 



a|T 4 T s 4 ur )A c 



■ + ■ 



5.67x10" 



W/ m 2 • K 4 1 1500 4 - 300 4 ) K 4 x 2.36 x 10~ 2 m 2 



1-0.6 



L c-s 



■ + - 



1 



0.6 0.333 



q A =1842W < 

(b) Considering surfaces 1 and 2 separately, the heat transfer from the cavity to the surroundings can be 
found as the heat transfer reaching hypothetical surface 3 (the cavity opening), that is, q B = -q3, which 
from Eq. 13.14 is, 

q3 = A 3 Fj 1 ( J3 " Jl ) + A 3F32 {h~h)- (D 
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PROBLEM 13.82 (Cont) 



As noted in Example 13.3, openings of enclosures that exchange radiation with large surroundings may 
be treated as hypothetical, nonreflecting black surfaces (S3 = 1) whose temperature is equal to that of the 

surroundings, T 3 = T sur . With S3 = 1, J 3 = E b3 . However, Ji and J 2 are unknown and must be obtained 
from the radiation balances, Eq. 13.15, 

N 

(2) 



^ h h 



(l-Bi)/BiAi j=l ^ 



Note also, E b i = E b2 = crT* = a(1500K) 4 = 287,044 W/m 2 and J 3 = E b3 = (7T3 = 459.3 W/m 2 . 



E bl ~ J 1 



J 1~ J 2 , J 1~ J 3 



A 2 : 



(l-8l)/«lAi (A^)" 1 (A 1 E i3 )- 1 
287,044 - J 1 _ Jj - Jg Jj -459.3 
(l-0.6)/0.6"(o.618) _1 + (0.382)- ! 
E b2~ J 2 _ J 2~ J 1 , J 2~ J 3 



2.5J 1 -0.618J 2 =430,741 



(3) 



(l-s 2 )/s 2 A 2 (A^)" 1 (A^)" 1 
287,044 - J 2 _ J 2 -Ji J 2 -459.3 
(l-0.6)/0.6 ~ (0.309)" 1 + (0.309)" 1 



-0.309 Jj+ 2.1 18J 2 =430,708 



(4) 



2 2 

Solving Eqs. (3) and (4) simultaneously, find Ji = 230,491 W/m and J 2 = 234,654 W/m , and from Eq. 
(1), find 

q B = 7.854 x 10" 3 m 2 [0.382(459.3 - 230,491) + 0.618(459.3- 234,654)] W/m 2 

q B = 1840W < 

(c) The equations for shape factors were entered into the IHT workspace, along with Eqs. (1), (3), and (4). 
The resulting plot is shown below. 




Continued. 
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PROBLEM 13.82 (Cont) 



COMMENTS: The difference between the two different methods for calculating heat transfer rates is 
less than 1 % over the entire range of L. When we treat the sides and bottom as one surface, we are 
assuming that the radiosity is the same for these two surfaces. This is exactly true when the shape factor 
between each of those surfaces and the environment is the same, as it is for L around 0.075 m (see 
below). But from the graphs we see that even when the shape factors and radiosities are not very close 
for the two surfaces, the net heat transfer rate can still be accurately approximated by treating both 
surfaces as one. 
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PROBLEM 13.83 

KNOWN: Circular furnace with prescribed temperatures and emissivities of the lateral and end 
surfaces. 

FIND: Net radiative heat transfer from each surface. 
SCHEMATIC: 



4 3 ,^ = 800/C,E3=G8- 




A 1 ,Ti = 400K,e 1 =CL4- 
ASSUMPTIONS: (1) Surfaces are isothermal and diffuse-gray. 

ANALYSIS: To calculate the net radiation heat transfer from each surface, we need to determine its 
radiosity. First, evaluate terms which will be required. 

E bl = oT 1 4 =1452W/m 2 At = A 2 = ttD 2 I A = 0.07069 m 2 F 12 =F 21 =0.17 
E b2 =°" T 2 =3544W/m 2 A 3 = ttDL = 0.2827 m 2 F 2 3=F 13 =0.83 
E b3 = o-T 3 4 = 23, 224 W / m 2 

The view factor F12 results from Fig. 13.5 with L/rj = 2 and rj/L = 0.5. The radiation balances using 
Eq. 13.15, omitting units for convenience, are: 

Aj : 1 ^ 52 ~ 4 J j = 0.07069 x 0. 17 ( Jj - J 2 ) + 0.07069 x 0.83 ( Jj - J 3 ) 
0.4x0.07069 

-2.500J, + 0.2550J 2 + 1.2450J 3 = -1452 (1) 

A 2 : 3544 - J 2 = Q Q7Q69 x 0 . 17 ( J 2 - ^ ) + 0.07069 x 0.83 ( J 2 - J 3 ) 
(1-0.5) 

0.5x0.07069 

-0. 1700J, - 2.0000J 2 + 0.8300J 3 = -3544 (2) 

23 224 — J 

A 3 : — j ^- = 0.07069x0.83(J 3 -J 1 ) + 0.07069x0.83(J 3 -J 2 ) 

I 1 " 0 - 8 ) 
0.8x0.2827 

0.05 1 89J : + 0.05 1 89J 2 - 1 . 1037 J 3 = -23, 224 (3) 
Solving Eqs. (1) - (3) simultaneously, find 

= 12,877 W/m 2 J 2 = 12,086 W /m 2 J 3 = 22,216W/m 2 . 
Using Eq. 13.16, the net radiation heat transfer for each surface follows: 
N 

qi = Z A i F ij( J i- J j) 
j=i 

A l : q : =0.07069 x 0.17 (12, 877 -12, 086) W + 0.07069 x 0.83 (12, 877 -22, 216) W = -538 W < 
A 2 : q 2 =0.07069x0.17(12,086-12,877)W + 0.07069x0.83(12,086-22,216)W = -603W < 
A 3 : q 3 =0.07069x0.83(22,216 -12,877) W + 0.07069x0.83(22,216 -12,086) W = 1141 W < 

COMMENTS: Note that Iqi = 0. Also, note that J 2 < Ji despite the fact that T 2 > Ti; note the role 
emissivity plays in explaining this. 
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PROBLEM 13.84 



KNOWN: Temperatures of two large parallel plates and desired radiation heat flux between 
them. 

FIND: (a) If plate emissivities are uniform and equal, show that required emissivity is 0.5. (b) If 
plates are painted with checkerboard patterns having two different emissivities with an average 
value of 0.5, will heat flux be the desired value? 

SCHEMATIC: 

Ti = 400 K 



q" = 330 W/nf 



T 2 = 300 K 

ASSUMPTIONS: (1) Surfaces are diffuse, (2) Plates are effectively infinite (no radiation 
exchange with surroundings), (3) Plate temperatures are uniform. 

ANALYSIS: (a) The heat flux between two infinite parallel plates is given by Eq. 13.19. With 
Si = s 2 = 0.5, we find 

= a( Tl 4 -T 2 4 ) = 5.67 x 10^ W/m 2 ■ K 4 (400 4 - 300 4 )K 4 = 2 
1Z 2/8-1 2/0.5-1 




Thus, to a very close approximation, the required emissivity of the plates is 0.5. < 
(b) With the checkerboard pattern, we can identify four different surfaces: the high emissivity 
region on the top surface (lh), the low emissivity region on the top surface (It), the high 
emissivity region on the bottom surface (2h), and the low emissivity region on the bottom surface 
(21). The view factors can be found by inspection. The view factor between a region on the top 
plate and a region on the bottom plate is 0.5, that is, 

Fi h _ 2h =0.5, Fi h _2^=0.5, %_ 2h =0.5, %_ 2 ^=0.5 
F2h-ih=0-5, F 2h _ w =0.5, %_ 2h =0.5, %_ 2 ^=0.5 



and all other view factors (from a region on one plate to a region on the same plate) are zero. We 
proceed to write Eq. 13.15 at all four surfaces, recognizing that all regions have the same area, 



Continued... 
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PROBLEM 13.84 (Cont.) 



E bl- J lh = J lh- J 2h , hh~hi 
(l-s h )/s h 1/0.5 1/0.5 

E bi- J n _ hf ~hh , hi -he 

(l-e e )/s £ ~ 1/0.5 1/0.5 
E b2~ J 2h _ J 2h~ J lh , hh~hi 



(l-s h )/s h 1/0.5 1/0.5 
E b2~ J 2l _ J 2l- J lh , hf.~he 



(l-E i )/e i 1/0.5 1/0.5 
Proceeding with the tedious algebra required to solve these four simultaneous equations results in 

Jlh = % E bl + y4r [ E b2 + (1 " e ) E bl ] 

he = £ e E bi + y^[ E b2 + C 1 - £) e m] 

J 2h = £ h E b2 + J^ir [ E bl + (1 " e ) E b2 ] 

he = £ e E b2 + y^[ E w + ^ E b2 ] 

where = (si + £2)/ 2 . Then the net radiation heat flux between the two plates can be 
expressed as, q net = (qih^h +q{f Ag)/ A tot = 0.5(qfh +qi^) , and making use of Eq. 13.14 
for the heat fluxes, we find, 

qJet=0.5{[0.5(J 1 i 1 -J2h) + 0.5(J 1 i 1 -J2/)] + [0.5(J 1/ -J2h) + 0.5(J 1/ -J2/)]} 
= 0.5[(Ji h +Ji/)-(J2h+J2/)] 

After much manipulation, this reduces to 

, E bl- E b2 (2) 

Comparing Eqs. (1) and (2), we see that the checkerboard pattern with an average emissivity s 
will result in the same heat flux as uniform emissivity plates with emissivity s = s . 

With average emissivity of 0.5, the checkerboard pattern will yield the desired heat flux. < 

COMMENTS: An alternative to this tedious algebraic proof would be to use IHT to 
solve the four surface enclosure problem and show numerically that average emissivities 
of 0.5 yield the desired heat flux. 
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PROBLEM 13.85 

KNOWN: Four surface enclosure with all sides of equal area; temperatures of three surfaces are 
specified while the fourth is re-radiating. 

FIND: Temperature of the re-radiating surface A4. 

SCHEMATIC: 



A4, insulated surface 




Ajl T^700K £l =0.7 

A 2 Tz=500K b z -0.5 

A 3 T 3 =300K £3=0.3 

A4 ^eradiating surface 



N 



ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Surfaces have uniform radiosities. 

ANALYSIS: To determine the temperature of the re -radiating surface A4, it is necessary to recognize 
4 

that J4 = Eb4 = cr T4 and that the Ji (i = 1 to 4) values must be evaluated by simultaneously solving four 
radiation balances of the form, Eq. 13.15, 

E bi~ J i 

2 

For simplicity, set Ai = A2 = A3 = A4 = 1 m and from symmetry, it follows that all view factors will be 
Fjj = 1/3. The necessary emissive powers are of the form Ebi = oT\ . 

E b i = a(700 K) 4 = 13,614 W/m 2 , E b2 = a(500 K) 4 = 3544 W/m 2 , E b3 = a(300 K) 4 = 459 W/m 2 . 
The radiation balances are: 

13,614- J, 1 1 1 

Ai: — = -(Jj -J 2 ) + -(jj -J 3 ) + -(Jj - J 4 ) ;-l. 42857 i x +0.14826 J 2 + 0.14826 J 3 +0.14826 J 4 = -13,614 

(1-O.7)/ 0.7 3 3 3 

3544- J 2 1 1 1 

A 2 : — = -(J 2 J 1 ) + -(J 2 - J 3 ) + -(J 2 " J4) 0.33333J, - 2.00000J 2 + 0.33333J 3 +0.33333J 4 =-3544 

(l-0.5)/0.5 3 3 3 



A3: 
A 4 : 



459- J 3 1 , , 1 , s 1 



(J 3 - J 1 ) + -(J 3 -J 2 ) + -( J 3 - J 4) 0.77778JJ +0.77778J 2 -3.33333J 3 +0.77778J 4 =-459 
(1-0.3)/ 0.3 3 3 3 

0 = -( J 4 - J, ) + -( J 4 - J 2 ) + -( J 4 - J 3 ) 0.33333J, + 0.33333J 2 + 0.33333J 3 - 1.00000J 4 = 0 

3 3 3 



Solving this system of equations simultaneously, find 
Jl = 11 ,572 W/m 2 , J 2 = 603 1 W/m 2 , 



J 3 = 6088 W/m , 



J 4 = 7897 W/m 



Since the radiosity and emissive power of the re-radiating surface are equal, 



T4 = J4 / (7 

T 4 =^7897 W/m 2 / 5.67 xlO" 8 W/m 2 



4 \l/4 
) = 



611 K. 



COMMENTS: Note the values of the radiosities; are their relative values what you would have 
expected? Is the value of T4 reasonable? 
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PROBLEM 13.86 



KNOWN: A room with electrical heaters embedded in ceiling and floor; one wall is exposed to the 
outdoor environment while the other three walls are to be considered as insulated. 

FIND: Net radiation heat transfer from each surface. 

SCHEMATIC: 




ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Surfaces are isothermal and irradiated uniformly, (3) 
Negligible convection effects, (4) A5 = A5A + A5B. 

ANALYSIS: To determine the net radiation heat transfer from each surface, find the surface 
radiosities using Eq. 13.14. 
5 

qi = Z A i I ij( J i- J j) 
j=i 

To determine the value of J[, energy balances must be written for each of the five surfaces. For 
surfaces 1, 2, and 3, the form is given by Eq. 13.15. 

E bi ~ J i = y J i ~ J j 



(1) 



i = 1,2, and 3. 



(2) 



For the insulated or adiabatic surfaces, Eq. 13.16 is appropriate with qi = 0; that is 
N j. _j. 

qi=£— ' } — = 0 i = 4and5. (3) 

In order to write the energy balances by Eq. (2) and (3), we will need to know view factors. Using 
Fig. 13.4 (parallel rectangles) or Fig. 13.5 (perpendicular rectangles) find: 

Fi2 = F 2 i = 0.39 X/L = 10/4 = 2.5, Y/L = 6/4=1.5 

F13 = F14 = 0. 19 Z/X = 4/10 = 0.4, Y/X = 6/10 = 0.6 

F 3 4 = F 4 3 = 0.19 X/L = 10/6 = 1.66, Y/L = 4/6 = 0.67 

F 24 = Fi 3 = 0.19 Z/X = 4/10 = 0.4, Y/X = 6/10 = 0.6 

Note the use of symmetry in the above relations. Using reciprocity, find, 



^32 



-F 23 



"^3 



60 
40 



x0.19 = 0.285; = — F13 = — x0.19 = 0.285 



A, 60 
F51 = — -Ft 5 = — x 0.23 = 0.288; 
A 5 48 



A3 
40 



A 3 

^53 = ^35 = 

A 5 48 



40 

x 0.25 = 0.208. 



From the summation view factor relation, 

F15 =1-112-113-^4 =1-0.39-0.19-0.19 = 0.23 

F3 5 =1-F 31 -F32-F 3 4 =1-0.285-0.285-0.19 = 0.24 



Continued 
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PROBLEM 13.86 (Cont.) 



Using Eq. (2), now write the energy balances for surfaces 1, 2, and 3. (Note Eb = gT ). 
544.2 - Jj = Ji -J 2 | J1-J3 , J1-J4 , J 1" J 5 
1-0.8/0.8x60 1/60x0.39 1/60x0.19 1/60x0.19 1/60x0.23 
-1.2500Ji + 0.0975J 2 + 0.0475J 3 + 0.570J5 = - 544.2 

617.2-J 2 = J2-J1 | h~h , J 2~ J 4 | J 2~ J 5 
1-0.9/0.9x60 1/60x0.39 1/60x0.19 1/60x0.19 1/60x0.23 

+0.0433Ji - 1.1 1 1J 2 + 0.021 1 1J 3 + 0.021 1 1J 4 + 0.02556J 5 = - 617.2 

390.1- J 3 = J3-J1 | J3-J2 , J3-J4 , J3-J5 
1-0.7/0.7x40 1/40x0.285 1/40x0.285 1/40x0.19 1/40x0.24 
+0.1221Ji + 0.1221J2 - 1.4284J 3 + 0.08143J 4 + 0.1028J 5 = - 390.1 
Using Eq. (3), now write the energy balances for surfaces 4 and 5 noting q 4 = q5 = 0. 
J4 — J} ^4~^2 ^4 — ^3 ^4 — J5 



(4) 



(5) 



(6) 



(): 



1/40x0.285 1/40x0.285 + 1/40x0.19 1/40x0.24 
0.285Ji + 0.285J 2 + 0.19J 3 - I.OJ4 + 0.24J 5 = 0 

J 5~ J 1 J 5~ J 2 J 5~ J 3 J 5~ J 4 



(7) 



(8) 





"-1.250 


0.0975 


0.0475 


0.0475 


0.0575" 




-544.2" 




545.1" 




0.0433 


-1.111 


0.02111 


0.02111 


0.02556 




-617.2 




607.9 


A = 


0.1221 


0.1221 


-1.4284 


0.08143 


0.1028 


C = 


-390.1 


J = 


441.5 




0.285 


0.285 


0.190 


-1.000 


0.240 




0 




542.3 




0.288 


0.288 


0.208 


0.208 


-0.992 




0 




5410 



1/48x0.288 1/48x0.288 + 1/48x0.208 1/48x0.208 
0.288Ji + 0.288J 2 + O.2O8J3 + 0.208J 4 - 0.992J 5 = 0 

Note that Eqs. (4) - (8) represent a set of simultaneous equations which can be written in matrix 
notation. That is, [A] [J] = [C] with 



W/m" 



where the Ji were found using a computer routine. The net radiation heat transfer from each of the 
surfaces can now be evaluated using Eq. (1). 

qi = AiFi 2 (Ji - h) + AiFi 3 (Ji - J 3 ) + AiFi 4 (Ji - J 4 ) + AiFi 5 (Ji - J 5 ) 
qi = 60 m 2 [0.39(545.1 - 607.9) 

+0.19(545.1 - 441.5) + 0.19(545.1 - 542.3) + 0.23(545.1 - 541.0)] W/m 2 = - 200 W < 
q 2 = 60 m 2 [0.39(607.9 - 545.1) 

+0.19(607.9 - 441.5) + 0.19(607.9 - 542.3) + 0.23(607.9 - 541.0) W/m 2 = 5037 W < 



q 3 = 40 m [0.285(441.5 - 545.1) + 0.285(441.5 - 607.9) 

2 



< 
< 



+0.19(441.5 - 542.3) + 0.24(441.5 - 541.0)] W/m = - 4,799 W 
Since A4 and A5 are insulated (adiabatic), q 4 = q$ = 0. 

COMMENTS: (1) Note that the sum of qi + q2 + q3 = + 38 W; this indicates a precision of less than 

1% resulted from the solution of the equations. (2) The net radiation for the ceiling, Ai, is into the 
surface. Recognize that the embedded heaters function to offset heat losses to the room air by 
convection. 
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PROBLEM 13.87 



KNOWN: Position of long cylindrical rod in an evacuated oven with non-uniform wall 
temperatures. Wall temperatures and emissivities, cylinder emissivity. 

FIND: Steady-state rod temperature with rod offset in oven to one side (w = 1 m, a = 0.5 m, b : 
0.25 m). 



SCHEMATIC: 



T 2 = 600 K 

£-] — £2 = £3 = £4 = 0.95 
e„ = 0.12 



a = 0.5 m 



I D = 0. 



2 m 

T, 

b = 0.25 m 




w= 1 m 



ASSUMPTIONS: (1) Two-dimensional system, (2) Steady-state conditions, (3) Diffuse and 
gray surfaces. 

ANALYSIS: The view factors of the problem may be determined by first considering the 
schematic below, which shows the relative locations of the 5 surfaces. 




Note that Fn = 0. To evaluate F 12 we may use Table 3.1, case 6 



F 2 i=" 



Sj s 2 



-1 Si _i S9 

tan —-tan — 



where r - D/2 = 0. 1 m, sr = w/2 - 0.5 m, S2 = -w/2 - -0.5 m, L = b = 0.25 m so that 



0.1m 



L 21 



0.5m -(-0.5m) 



tan 



-1 



0.5 
0.25 



tan 



-1 



' 0.5 ^ 



V 0.25y 



0.2214 



Continued.. 
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PROBLEM 13.87 (Cont.) 



By reciprocity, F 12 = (A 2 /A,)F 21 = (jiD/w)F 2] = (nx 0.2 m/1 m) x 0.2214 = 0.3524 

To evaluate Fi 4 , we again use Table 3.1, case 6 with r = D/2 = 0.1 m, si = 0.5 m, s 2 = -0.5 m, L = 
(1 - b) = (1 m - 0.25 m) = 0.75 m 



0.1m 



l 41 



0.5m -(-0.5m) 



tan" 



f 0.5^ 


-tan- 1 ] 


'-0.5^ 










1 0.75 j 




v 0.75y 





= 0.1176 



By reciprocity, F M = (A4/AOF41 = (tcD/w)F 41 = (n x 0.2 m/1 m) x 0.1176 = 0.1872. Applying the 
summation rule with F i3 = F15 yields Fi 2 + 2Fb + F M = 1 or F13 = F15 = (1 - F 12 - Fi 4 )/2 = (1 - 
0.3524 - 0.1872)/2 = 0.2302. 

Application of reciprocity yields F 3i = (n:D/w)Fi 3 = (tz x 0.2m/lm) x 0.2302 = 0.1446 and F51 = 
(tiD/w)F 15 = (n x 0.2m/lm) x 0.2302 = 0.1446. Note that the radiation exchange between 
Surfaces 4 and 3 is unobstructed by Surface 2. Hence, we may use case 2 of Table 13.1 to find F 43 
= F 45 = 1 - sin(9072) = 0.2929. With F 44 = 0, the summation rule gives F 42 = 1 - F41 - F 43 - F 45 = 
1 - 0.1176 - 0.2929 - 0.2929 = 0.2966. From reciprocity, F 24 = (A 2 /A 4 )F 42 = (1/1) x0.2966 = 
0.2966. Using the summation rule with F 23 = F 25 , F 23 = F 25 = (1 - F 2 i - F 24 )/2 = (1 - 0.2214 - 
0.2966) = 0.2410. By reciprocity, F 32 = (A 3 /A 2 )F 23 = (1/1) x 0.2410 = 0.2410, and F 34 = 
(A 3 /A 4 )F 43 = (1/1) x 0.2929 = 0.2929. By the summation rule, F 35 = 1 - F 31 - F 32 - F 34 = 1 - 
0.1446 - 0.2410 - 0.2929 = 0.3215. The following view factors can be evaluated by using the 
reciprocity relationship: F 52 = 0.2410, F 53 = 0.3215, F 54 = 0.2929. 

We may apply Eq. 13.14 to Surface 1, yielding 

0 = A 1 F 12 (J 1 -J 2 ) + A 1 F 1 3(J 1 -J 3 ) + A 1 F 14 (J 1 -J 4 ) + A 1 F 15 (J 1 -J 5 ) 

or 

0.3524(J! - J 2 ) + 0.2302(J! - J 3 ) + 0.1872(Ji - J 4 ) + 0.2302 (J, - J 5 ) = 0 (1) 
We may apply Eq. 13.15 to Surface 2, yielding 



(l-s 2 )/s 2 A 2 



■■ A 2 F 21 (J 2 - J,) + A 2 F 23 (J 2 - J 3 ) + A 2 F 24 (J 2 - J 4 ) + A 2 F 25 (J 2 - J 5 ) 



or 



0.2214(J 2 - J,) + 0.2410(J 2 - J 3 ) + 0.2966(J 2 - J 4 ) + 0.2410(J 2 - J 5 ) 

5.67 x 10~ 8 0 W . x (600K) 4 - J 2 
m 2 • K 4 



(1-0.95)70.95 



(2) 



Continued. 
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PROBLEM 13.87 (Cont.) 



We may apply Eq. 13.15 to Surface 3, yielding 



^T 3 4 -J 3 
(l-s 3 )/s 3 A 3 



■■ A 3 F 31 (J 3 - J,) + A 3 F 32 (J 3 - J 2 ) + A 3 F 34 (J 3 - J 4 ) + A 3 F 35 (J 3 - J 5 ) 



or 



0.1446(J 3 -J 1 ) + 0.2410(J 3 -J 2 ) + 0.2929(J 3 -J 4 ) + 0.3215(J 3 -J 5 ) 

5.67 x 10~ 8 0 W , x (575K) 4 - J 3 
m 2 • K 4 



(3) 



(l-0.95)/0.95 



Applying Eq. 13.15 to Surface 4 yields 



aT 4 — J 

' 4 4 -A 4 F 41 (J4-J 1 ) + A4F4 2 (J4-J 2 ) + A4F4 3 (J4-J 3 ) + A 4 F 45 (J 4 -J 5 ) 



(l-e 4 )/e 4 A 4 



or 



0. 1 176(J 4 -Jj) + 0.2966( J 4 - J 2 ) + 0.2929(J 4 - J 3 ) + 0.2929( J 4 - J 5 ) 



5.67 x 10~ 8 9 W , x (555K) 4 - J 4 



m 2 -K 4 



(4) 



(1-0.95)70.95 



Applying Eq. 13.15 to Surface 5 results in 



aT 4 -J, 



5 5 = A 5 F 51 (J 5 -h) + A 5 F 52 (J 5 - J 2 ) + A 5 F 53 (J 5 - J 3 ) + A 5 F 54 (J 5 - J 4 ) 
(l-s 5 )/s 5 A 5 



or 



0. 1446(J 5 - J x ) + 0.2410(J 5 - J 2 ) + 0.3215(J 5 - J 3 ) + 0.2929(J 5 - J 4 ) 

O W A 

5.67 x 10~ 8 r x (585K) 4 - J 5 

m 2 • K 4 



(5) 



(1-0.95)70.95 



Equations (1) through (5) may be solved simultaneously to yield 
J, = 6542 W/m 2 , J 2 = 7289 W/m 2 , J 3 = 6209 W/m 2 , J 4 = 5445 W/m 2 , J 5 = 6623 W/m 2 
Applying Eq. 13.13 to Surface 1 yields 



Continued. 
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PROBLEM 13.87 (Cont.) 



1/4 



E b i = Ji or 



Ti = [Ji/ct] 



il/4 



6542-/5.67x10 



■8 



w 



= 583 K 



< 



m 




COMMENTS: (1) The cylinder is re-radiating and its temperature is independent of its 
emissivity. (2) The answer is identical to the situation where the surfaces are black, as in Problem 
13.23. This is because the oven walls are large relative to the cylinder, and therefore irradiation 
from the walls is nearly that of blackbodies. (3) The effort expended to solve the five surface 
enclosure problem involving diffuse and gray surfaces is significant relative to the effort needed 
in Problem 13.23. It would be wise to assume blackbody behavior for this problem. 
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PROBLEM 13.88 



KNOWN: Cylindrical furnace of diameter D = 90 mm and overall length L = 180 mm. Heating 
elements maintain the refractory liming (e = 0.8) of section (1), Li = 135 mm, at Ti = 800°C. The 
bottom (2) and upper (3) sections are refractory lined, but are insulated. Furnace operates in a 
spacecraft environment. 

FIND: Power required to maintain the furnace operating conditions with the surroundings at 23°C. 
SCHEMATIC: 




ASSUMPTIONS: (1) All surfaces are diffuse gray, (2) Uniform radiosity over the sections 1, 2, and 
3, and (3) Negligible convection effects. 

ANALYSIS: By defining the furnace opening as the hypothetical area A4, the furnace can be 

represented as a four-surface enclosure as illustrated above. The power required to maintain Ai at Ti 

is qi, the net radiation leaving Ai. To obtain qi following the methodology of Section 13.2.2, we 
must determine the radiosity at all surfaces by simultaneously solving the radiation energy balance 
equations for each surface which will be of the form, Eqs. 13.14 or 13.15. 

p t N T- -J- 

= b bi ~ J i = V J J (12) 

41 (l-^)/^Ai gl/AiFy 



Since 84= 1, J4 = Eb4, so we only need to perform three energy balances, for Ai, A2, and A3, 
respectively 

E bl" J l ... J l 



Ai: 



A 2 : 



A3 



J 2. + . J 1 



J 3 + . J l _J 4 



(l-Sl)'*l A l 1/ AjFj2 1/ AjFj3 l/A^ 



0 



(): 



1/A 2 F 21 1/A 2 F 23 1/A 2 F 24 
J 3~ J 1 , J 3~ J 2 | J 3~ J 4 



(3) 



(4) 



(5) 



1/A3E,! 1/A 3 F3 2 I/A3F34 
Note that q 2 = q3 = 0 since the surfaces are insulated (adiabatic). Recognize that in the above equation 

set, there are three equations and three unknowns: Ji , J2, and J3. From knowledge of J1, qi can be 

2 2 

determined using Eq. (1). Next we need to evaluate the view factors. There are N =4 =16 view 
factors and N(N - l)/2 = 6 must be independently evaluated, while the remaining can be determined 
by the summation rule and appropriate reciprocity relations. The six independently determined Fy are: 

By inspection: (1) F22 = 0 (2) F44 = 0 

Coaxial parallel disks: From Fig. 13.5 or Table 13.5, 

Continued 
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PROBLEM 13.88 (Cont) 

1/2] 



: 0.05573 



I + R4 1 + 0.250 2 

S = l + - = 1 + = 18.00 R 2 =r 2 /L = 45/180 = 0.250 R 4 = r 4 /L = 0.250 

R 2 0.250 2 

Enclosure 1-2-2 ': from the summation rule for A2, 

(4) F 2 i = l-F 22 '= 1-0.09167 = 0.9083 

where F22' can be evaluated from the coaxial parallel disk relation, Table 13.5. For these surfaces, R 2 
= r 2 /Li = 45/135 = 0.333, R 2 - = r 2 /Li = 0.333, and S = 1 1.00. From the summation rule for Ai, 

(5) F n = 1 - Fi 2 - Fi 2 - = 1 - 0.1514 - 0.1514 = 0.6972 
and by symmetry Fj 2 = Fi 2 - and using reciprocity 

F[ 2 = A 2 I^i / Aj = (0.090m) (2 / 4)] x 0.9083 / n x 0.090m x 0. 135m = 0.1514 

Enclosure 2' -3-4: from the summation rule for A4, 

(6) F 43 = 1 - F 42 - - F 44 = 1 - 0.3820 - 0 = 0.6180 

where F44 = 0 and using the coaxial parallel disk relation from Table 13.5, with R4 = r4/L 2 = 45/45 = 
l,R 2 ' = r 2 /L 2 =l,andS = 3. 

The View Factors: Using summation rules and appropriate reciprocity relations, the remaining 10 
view factors can be evaluated. Written in matrix form, the Fy are 

0.6972* 0.1514 0.09704 0.05438 

0.9083* 0* 0.03597 0.05573* 

0.2911 0.01798 0.3819 0.3090 

0.3262 0.05573 0.6180* 0* 

The Fy shown with an asterisk were independently determined. 

From knowledge of the relevant view factors, the energy balances, Eqs. (3, 4, 5), can be solved 
simultaneously to obtain the radiosities, 

J 2 =73,084W/m 2 J 2 = 67,723W/m 2 J 3 = 36,609 W/m 2 

The net heat rate leaving Ai can be evaluated using Eq. (1) written as 

E h1 -Ji (75, 159 -73, 084) W/m 2 . 

Ql=7 ^7"^ — = — - = 317W < 

{\-s x )ls x K x (i-0.8)/0.8x 0.03817 m 2 

where E b i = c>T x = a(800 + 273K) 4 = 75,159 W/m 2 and Ai = ttDLi = % x 0.090m x 0.135m = 
0.03817 m 2 . 

COMMENTS: (1) Recognize the importance of defining the furnace opening as the hypothetical area 
A4 which completes the four-surface enclosure representing the furnace. The temperature of A 4 is that 
of the surroundings and its emissivity is unity since it absorbs all radiation incident on it. (2) To 
obtain the view factor matrix, we used the IHT Tool, Radiation, View Factor Relations, which permits 

you to specify the independently determined Fy and the tool will calculate the remaining ones. 
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PROBLEM 13.89 



KNOWN: Rapid thermal processing (RTP) tool consisting of a lamp bank to heat a silicon wafer with 
irradiation onto its front side. The backside of the wafer (1) is the top of a cylindrical enclosure whose 
lateral (2) and bottom (3) surfaces are water cooled. An aperture (4) on the bottom surface provides 
for optical access to the wafer. 

FIND: (a) Lamp irradiation, Gi amp , required to maintain the wafer at 1300 K; heat removal rate by the 

cooling coil, and (b) Compute and plot the fractional difference (Ebi - Ji)/E D i as a function of the 
enclosure aspect ratio, L/D, for the range 0.5 < L/D < 2.5 with D = 300 mm fixed for wafer 
emissivities of si = 0.75, 0.8, and 0.85; how sensitive is this parameter to the enclosure surface 
emissivity, £2 = S3. 

SCHEMATIC: 

& 0- -0- 0- 0 -0- Radiant lamp bank 

-'/amp 



L = 300 mm 



7 



Wafer, A^, = 300 mm, 
T, =1300 K, e 1 =0.8 



- Enclosure, lateral 
surface, A 2 , T 2 = 300 K, e 2 = 0.07 



Enclosure, bottom 
surface, A 3 , T 3 = T 2 , e 3 = e 2 



Water-cooled 
chamber 




Aperture, A 4 , D 4 = 30 mm 



ASSUMPTIONS: (1) Enclosure surfaces are diffuse, gray, (2) Uniform radiosity over the enclosure 
surfaces, (3) No heat losses from the top side of the wafer. 

ANALYSIS: (a) The wafer-cylinder system can be represented as a four-surface enclosure. The 
aperture forms a hypothetical surface, A4, at T4 = T2 = T3 = 300 K with emissivity £4 = 1 since it 
absorbs all radiation incident on it. From an energy balance on the wafer, the absorbed lamp 

irradiation on the front side of the wafer, a w Gi amp , will be equal to the net radiation leaving the back- 
side (enclosure-side) of the wafer, q\. To obtain qi, following the methodology of Section 13.2.2, we 
must determine the radiosity of all the enclosure surfaces by simultaneously solving the radiation 
energy balance equations for each surface, which will be of the form, Eqs. 13.14 or 13.15. 

E bi _J i 



N J- -J- 

, _V— -J- 

^"(l-^/^Aj pi/A^j 



(1,2) 



Since 84= 1, J4 = Eb4, we only need to perform three energy balances, for Ai, A2 and A3, 
respectively, 

A . E bl~ J l 



J l " J 2 , J 1~ J 3 , J l " J 4 



{l-e i )/A 1 1/ AjF[2 1/^3 VAft 4 



A 2 : 



-b2 " J l 



h~h | J 2~ J 3 , h~h 



(l-f 2 )/A 2 l/A 2 F2i 1/A 2 F2 3 l/A^ 



(3) 



(4) 



Continued 
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PROBLEM 13.89 (Cont) 

A . E b3~ J 3 _ J 3~ J 1 | J 3~ J 2 | J 3~ J 4 

3 ' (l-fi3)/A 3 1/AjFn 1/A 3 F3 2 I/A3F34 

Recognize that in the above equation set, there are three equations and three unknowns: J1, J2, and J3. 
From knowledge of the radiosities, the desired heat rate can be determined using Eq. (1). The required 
lamp irradiation, 

Eui — Ji 

«w G lamp A l = Ql = Z \, . (6) 
(l-qj/qAj 

and the heat removal rate by the cooling coil, q co ii, on surfaces A2 and A3, is 

q co n = -(q2+q3) ( ? ) 

where the net radiation leaving A2 and A3 are, from Eq. (1), 

qa ^V 2 , qi- ri Eb3 " J3 A (8,9) 

(l-f 2 )/^2 A 2 { l -^)^3 A 3 

The surface areas are expressed as 

Aj = nY)\l\ = 0.07069 m 2 A 2 = ^DjL = 0.2827 (10,11) 

A 3 = ^D 2 - D4 J = 0.06998m 2 A 2 = ttdJ /4 = 0.0007069m 2 (12,13) 

2 2 

Next evaluate the view factors. There are N =4 =16 and N(N - l)/2 = 6 must be independently 
evaluated, and the remaining can be determined by summation rules and reciprocity relations. The six 
independently determined Fjj are: 

By inspection: (1) F n = 0 (2) F 33 = 0 (3) F 44 = 0 (4) F 34 = 0 
Coaxial parallel disks: from Fig. 13.5 or Table 13.5, 



F14 =0.5 jS 
(5) ^4=0.5^5.01- 



~ W/2 
S 2 -4(r 4 / ri ) 2 



~ 9 nl/2 
5.01 -4(l5/150) z 



= 0.001997 



I + R4 1 + 0.05 2 
S = l + r^ = l + — = 5.010 

R 2 0.5 2 
Rl =r 1 /L = 150/300 = 0.5 R 4 = 15/300 = 0.05 

Coaxial parallel disks: from the composite surface rule, Eq. 13.5, 

(6) F 13 = Fi( 3>4 ) - F M = 0.17157 - 0.01997 = 0.1696 

where Fi@ ;4 ) can be evaluated from the coaxial parallel disk relation, Table 13.5. For these surfaces, 
Rj = ri /L = 150/300 = 0.5, R (3)4 ) = r 3 /L = 150/300 = 0.5, and S = 6.000. 

The view factors: Using summation rules and reciprocity relations, the remaining 10 view factors can 
be evaluated. Written in matrix form, the F;j are 

Continued 
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0* 
0.2071 
0.1713 
0.1997 



0.8284 
0.5858 
0.8287 
0.8003 



0.1696 
0.2051 

0* 
0* 



0.001997* 
0.002001 

0* 
0* 



The Fjj shown with an asterisk were independently determined. 

From knowledge of the relevant view factors, the energy balances, Eqs. (3, 4, 5) can be solved 
simultaneously to obtain the radiosities, 



J l 

1.514xl0 5 



J 2 

1.097xl0 5 



J 3 

1.087xl0 5 



J 4 (W/m ) 
576.8 



From Eqs. (6) and (7), the required lamp irradiation and cooling-coil heat removal rate are 

2 



G lamp =52,650W/m z 



q coil =2.89kW 



(b) If the enclosure were perfectly reflecting, the radiosity of the wafer, Ji, would be equal to its 

5 2 

blackbody emissive power. For the conditions of part (a), Ji = 1.514 x 10 W/m and Ebi = 1.619 x 

5 2 

10 W/m . As such, the radiosity would be independent of s w thereby minimizing effects due to 
variation of that property from wafer-to-wafer. Using the foregoing analysis in the IHT workspace 

(see Comment 1 below), the fractional difference, (Ebi - Ji)/Ebi, was computed and plotted as a 
function of L/D, the aspect ratio of the enclosure. 



0.15 




Note that as the aspect ratio increases, the fractional difference between the wafer blackbody emissive 
power and the radiosity increases. As the enclosure gets larger, (L/D increases), more power supplied 
to the wafer is transferred to the water-cooled walls. For any L/D condition, the effect of increasing 

the wafer emissivity is to reduce the fractional difference. That is, as e w increases, the radiosity 

increases. The lowest curve on the above plot corresponds to the condition S2 = S3 = 0.03, rather than 

0.07 as used in the e w parameter study. The effect of reducing 82 is substantial, nearly halving the 
fractional difference. We conclude that the "best" cavity is one with a low aspect ratio and low 
emissivity (high reflectivity) enclosure walls. 

COMMENTS: The IHT model developed to perform the foregoing analysis is shown below. Since 
the model utilizes several IHT Tools, good practice suggests the code be built in stages. In the first 

stage, the view factors were evaluated; the bottom portion of the code. Note that you must set the Fy 
which 

Continued 
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PROBLEM 13.89 (Cont.) 



are zero to a value such as le-20 rather than 0. In the second stage, the enclosure exchange analysis 
was added to the code to obtain the radiosities and required heat rate. Finally, the equations necessary 
to obtain the fractional difference and perform the parameter analysis were added. 

// Enclosure Performance Parameter: 

Eb1J1 = (Eb1 -J1 )/Eb1 
LoverD = L / D1 

// Energy Balances - Wafer and water-cooled surfaces, Eqs (6) and (7): 
alphaw * Glamp * A1 = q1 // Energy balance on wafer 
alphaw = eps1 // Wafer absorptivity to lamp irradiation 

qcoil = - (q2 + q3) // Heat rate to the cooling coil, W 

// Radiation Exchange Analysis Tool - Surface Energy Balances: 
/* The net heat rate leaving A1 in terms of the surface resistance is */ 
q1 =(Eb1 - J1)/((1 -eps1)/(eps1 *A1)) //Eq 13.13 

/* The net heat rate leaving A1 in terms of the net exchanges between enclosure surfaces is */ 
q1 = q12 + q13 + q14 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.14 and 13.16 */ 
q12 = (J1 -J2)/(1 /(A1 *F12)) 
q13 = (J1 -J3)/(1 /(A1 *F13)) 
q14 = (J1 -J4)/(1 /(A1 *F14)) 

/* The net heat rate leaving A2 in terms of the surface resistance is */ 
q2 = (Eb2 - J2) / ((1 - eps2) / (eps2 * A2)) // Eq 1 3.1 3 

/* The net heat rate leaving A2 in terms of the net exchanges between enclosure surfaces is */ 
q2 = q21 + q23 + q24 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.14 and 13.16 7 
q21 =(J2-J1)/(1 /(A2*F21)) 
q23 = (J2 - J3) / (1 / (A2 * F23)) 
q24 = (J2 - J4) / (1 / (A2 * F24)) 

/* The net heat rate leaving A3 in terms of the surface resistance is */ 
q3 = (Eb3 - J3) / ((1 - eps3) / (eps3 * A3)) // Eq 1 3.1 3 

/* The net heat rate leaving A3 in terms of the net exchanges between enclosure surfaces is */ 
q3 = q31 + q32 + q34 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.14 and 13.16 */ 
q31 =(J3-J1)/(1 /(A3*F31)) 
q32 = (J3 - J2) / (1 / (A3 * F32)) 
q34 = (J3 - J4) / (1 / (A3 * F34)) 

/* The net heat rate leaving A4 in terms of the surface resistance is 7 
q4 = (Eb4 - J4) / ((1 - eps4) / (eps4 * A4)) // Eq 1 3.1 3 

/* The net heat rate leaving A4 in terms of the net exchanges between enclosure surfaces is */ 
q4 = q41 + q42 + q43 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 1 3.14 and 1 3.1 6 */ 
q41 =(J4- J1)/(1 /(A4* F41)) 
q42 = (J4 - J2) / (1 / (A4 * F42)) 
q43 = (J4 - J3) / (1 / (A4 * F43)) 
// Emissive Powers: 

Eb1 = sigma * T1M // Blackbody emissive power, W/m A 2 

Eb2 = sigma * T2M 
Eb3 = sigma * T3M 
Eb4 = sigma * T4 A 4 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2.K A 4 
// Assigned Variables - Thermal Parameters Only: 

T1 = 1 300 // Wafer temperature, K 

eps1 = 0.8 // Wafer emissivity 

//eps1 = 0.75 
//eps1 = 0.85 

T2 = 300 // Lateral surface temperature, K 

eps2 = 0.07 // Enclosure emissivity 

//eps2 = 0.03 

T3 = 300 // Bottom surface temperature, K 

eps3 = 0.07 // Enclosure emissivity 

//eps3 = 0.03 

T4 = 300 // Aperture surface temperature, K 

eps4 = 0.999 // Aperture emissivity; not zero to avoid divide-by-zero error 

Continued... 
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PROBLEM 13.89 (Cont.) 



// Radiation Exchange Analysis Tool - View Factor Relations: 

/* The summation rule for an N-surface enclosure, Eq 13.4, is */ 
F11 +F12 + F13 + F14 = 1 
F21 + F22 + F23 + F24 = 1 
F31 + F32 + F33 + F34 = 1 
F41 + F42 + F43 + F44 = 1 

/* Then N * (N - 1) / 2 reciprocity relations associated with an N-surface enclosure, Eq 13.3, are */ 

A1 * F12 = A2* F21 

A1 * F13 = A3* F31 

A1 * F14 = A4 * F41 

A2 * F23 = A3 * F32 

A2 * F24 = A4 * F42 

A3 * F34 = A4 * F43 

// Areas: 

A1 =pi * D1 A 2 / 4 // Wafer, m A 2 

A2 = pi * D1 * L // Lateral surface, m A 2 

A3 = pi * (D1 A 2 - D4 A 2) / 4 // Bottom surface, m^ 

A4 = pi * D4 A 2 / 4 // Aperture, m A 2 

// Assigned Variables - Geometry Only: 

D1 = 0.300 // Wafer diameter, m 

D4 = 0.030 // Aperture diameter, m 

L = 0.300 // Enclosure height, m 

// Independently determined Fij - by inspection: 

F1 1 = 1 e-20 // Not zero to avoid divide-by-zero error 

F33 = 1e-20 

F44 = 1e-20 

F34 = 1e-20 

// Other independently determined Fij: 

/* The view factor, F14, for coaxial parallel disks, is */ 

F14 = 0.5 * (Sa - sqrt(Sa A 2 - 4*(r4 / r1) A 2)) 

// where 

R1 = r1 / L 

R4 = r4 / L 

r1 =D1 12 

r4 = D4 / 2 

Sa = 1 +(1 +R4 A 2)/R1 A 2 

// Composite surface relation to find F1 3: 

F134 = F13 + F14 

/* The view factor, F1 (34), for coaxial parallel disks, is 7 

F134 = 0.5 * (Sb - sqrt(Sb A 2 - 4*(r34 / r1) A 2)) 

// where 

//R1 = r1 / L 

R34 = r34 / L 

r34 = M 

Sb = 1 + (1 +R34 A 2)/R1 A 2 
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PROBLEM 13.90 



KNOWN: Observation cabin located in a hot-strip mill directly over the line; cabin floor (f) exposed 
to steel strip (ss) at T ss = 920°C and to mill surroundings at T sur = 80°C. 

FIND: Coolant system heat removal rate required to maintain the cabin floor at Tf = 50°C for the 
following conditions: (a) when the floor is directly exposed to the steel strip and (b) when a radiation 
shield (s) s s = 0.10 is installed between the floor and the strip. 

SCHEMATIC: 




ASSUMPTIONS: (1) Cabin floor (f) or shield (s), steel strip (ss), and mill surroundings (sur) form a 
three-surface, diffuse-gray enclosure, (2) Surfaces with uniform radiosities, (3) Mill surroundings are 
isothermal, black, (4) Floor-shield configuration treated as infinite parallel planes, and (5) Negligible 
convection heat transfer to the cabin floor. 

ANALYSIS: A gray-diffuse, three-surface enclosure is formed by the cabin floor (f) (or radiation 
shield, s), steel strip (ss), and the mill surroundings (sur). The heat removal rate required to maintain 

the cabin floor at Tf = 50°C is equal to - qf (or, -q s ), where qf or q s is the net radiation leaving the floor 
or shield. The schematic below represents the details of the surface energy balance on the floor and 
shield for the conditions without the shield (floor exposed) and with the shield (floor shielded from 
strip). 



(a) Without shield 



4 Heat removed 
— Floor 



(b) With shield 



Floor 
Shield 



1 



qradi 



A f , T f =50°C, £ f =0.60 




(a) Without the shield. Radiation surface energy balances, Eq. 13.15, are written for the floor (f) and 
steel strip (ss) surfaces to determine their radiosities. 



E b,f "Jf 



J f -J 



ss 



+ 



Jf Eb ; sur 



(l-*f)/* f A f l/A f F f _ ss l/A f Ff 



-sur 



Eb,ss J 



ss 



' ss 



Jf 



(l £ ss)f £ ss Ass 



1/ A ss F ss _f 



- + - 



' ss 



'b,sur 



1/ Ass Fss-sur 



(1) 



(2) 



Since the surroundings (sur) are black, J sur = Eb )S ur- The blackbody emissive powers are expressed as 

4 -8 2 4' 

Eh = a T where a = 5.67 x 10 W/m -K . The net radiation leaving the floor, Eq. 13.14, is 

(3) 



q f =A f F f _ ss (J f -J ss ) + A f F f _ sur (Jf -E b>sur ) 



Continued 
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PROBLEM 13.90 (Cont.) 

The required view factors for the analysis are contained in the summation rule for the areas Af and 



Ff-ss + Ff-sur ~~ 1 Fss-f + ^ss-sur ~~ 1 (4,5) 



Ff. ss can be evaluated from Fig. 13.4 (Table 13.2) for the aligned parallel rectangles geometry. By 

symmetry, F ss .f = Ff. ss , and with the summation rule, all the view factors are determined. Using the 
foregoing relations in the IHT workspace, the following results were obtained: 

F f _ ss = 0.1864 J f =7959W/m 2 

F f-sur =0.8136 J ss = 97.96 kW/m 2 

and the heat removal rate required of the coolant system (cs) is 

q cs = -qf =413 kW < 

(b) With the shield. Radiation surface energy balances are written for the shield (s) and steel strip (ss) 
to determine their radiosities. 

E b,s~Js _ J s ~Jss | J s~ E b,sur g 



{l-£ s )/ £s A s 1/A S F S _ SS l/A s F f 



s-sur 



E b,ss Jss _ J S s~Js | Jss E b,sur ^ 



(l ^Ss) ^ ^SS l/^SS^SS-S ^^SS^SS-SUr 

The net radiation leaving the shield is 

qs = A ss F ss _ s (J ss - J s ) + A ss F ss _ sur (Jss - Eb >sur ) (8) 

Since the temperature of the shield is unknown, an additional relation is required. The heat transfer 
from the shield (s) to the floor (f) - the coolant heat removal rate - is 

l-l/£ s -l/£f 

where the floor-shield configuration is that of infinite parallel planes, Eq. 13.19. Using the foregoing 
relations in the IHT workspace, with appropriate view factors from part (a), the following results were 
obtained 

J s = 18.13 kW/m 2 J ss =98.20 kW/m 2 T S =377°C 

and the heat removal rate required of the coolant system is 

qcs = -q s = 6 - 55 kW < 

COMMENTS: The effect of the shield is to reduce the coolant system heat rate by a factor of nearly 
seven. Maintaining the integrity of the reflecting shield (s s = 0.10) operating at nearly 400°C in the 
mill environment to prevent corrosion or oxidation may be necessary. 
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PROBLEM 13.91 



KNOWN: Opaque, diffuse-gray plate with ei = 0.8 is at Ti = 400 K at a particular instant. The 
bottom surface of the plate is subjected to radiative exchange with a furnace. The top surface is 
subjected to ambient air and large surroundings. 

FIND: (a) Net radiative heat transfer to the bottom surface of the plate for Ti = 400 K, (b) Change in 
temperature of the plate with time, dTi/dt, and (c) Compute and plot dTi/dt as a function of Ti for the 
range 350 < Ti < 900 K; determine the steady-state temperature of the plate. 

SCHEMATIC: 

T= 300 K 



h = 25 W/m 2 -K 



T sur =300K 



L = 200 mm 



Plate, A* (200 mm x 200 mm) T* = 400 K, 
e., = 0.8, M = 2 kg, c p = 900 J/kg K 

- Insulated side walls 



Furnace bottom, A 2 , T 2 = 1000 K 

ASSUMPTIONS: (1) Plate is opaque, diffuse-gray and isothermal, (2) Furnace bottom behaves as a 
blackbody while sides are perfectly insulated, (3) Surroundings are large compared to the plate and 
behave as a blackbody. 

ANALYSIS: (a) Recognize that the plate (Ai), furnace bottom (A2) and furnace side walls (Ar) form 
a three-surface enclosure with one surface being re-radiating. The net radiative heat transfer leaving 

Ai follows from Eq. 13.25 written as 

E bl _E b2 



<U = 



1 



l-*2 



(1) 



^1 A 1 A 1 F 12 +(1/A 1 F 1R +1/A 2 F 2R ) 1 e 2 A 2 

From Fig. 13.4 with X/L = 0.2/0.2 = 1 and Y/L = 0.2/0.2 = 1, it follows that F 12 = 0.2 and F 1R = 1 - 
F12 = 1 - 0.2 = 0.8. Hence, with Fir - F 2 r (by symmetry) and s 2 = 1. 

5.67 x 10" 8 W / m 2 • K 4 ^400 4 - 1000 4 j K 4 



qi 



1-0.8 



-1153W 



0.8 x 0.04m 



- + - 



0.04m 2 x 0.20 + { 2 1 0.04m 2 x I 



- (2 / 0.04m 2 x 0.8) 1 



It follows the net radiative exchange to the plate is, q m df = 1 153 W. 
(b) Perform now an energy balance on the plate written as 



E in E out _ E st 



Irad.f Iconv 1rad,sur 



Mc, 



dt 



q r ad.f - hA l ( T l - T oo ) " £\ A\<T (t 4 - T 4 ur j = Mc, 



dji 
dt 



(2) 



Substituting numerical values and rearranging to obtain dT/dt, find 



Qconv \ / Qrad, sur 
urn ~-iJi ~ ~ ~. ~~" 
,ifr *jfj»ii!''j*i, J 1 

Continued 
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dTi 



1 



dt 2kgx900J/kg-K 



PROBLEM 13.91 (Cont) 

+1 153W - 25 W / m 2 • K x 0.04m 2 (400 - 300) K 

0.8 x 0.04m 2 x 5.67 x 10" 8 W / m 2 • K 4 ( 400 4 - 300 4 | K 4 



dt 



0.57K/S. 



(c) With Eqs. (1) and (2) in the IHT workspace, dTi/dt was computed and plotted as a function of Ti. 




300 400 500 600 700 

Plate temperature, T1 (K) 



When Ti = 400 K, the condition of part (b), we found dT]/dt = 0.57 K/s which indicates the plate 
temperature is increasing with time. For Ti = 900 K, dTi/dt is a negative value indicating the plate 
temperature will decrease with time. The steady-state condition corresponds to dTi/dt = 0 for which 

T 1)SS =715K < 

COMMENTS: Using the IHT Radiation Tools — Radiation Exchange Analysis, Three Surface 
Enclosure with Re-radiating Surface and View Factors, Aligned Parallel Rectangle — the above 
analysis can be performed. A copy of the workspace follows: 

// Energy Balance on the Plate, Equation 2: 

M * cp * dTdt = - q1 - h * A1 * (T1 - Tint) - eps1 * A1 * sigma * (T1 A 4 - TsurM) 

/* Radiation Tool - Radiation Exchange Analysis, 
Three-Surface Enclosure with Reradiating Surface: 7 

/* For the three-surface enclosure A1 , A2 and the reradiating surface AR, the net rate of radiation transfer 
from the surface A1 to surface A2 is 7 

q1 = (Eb1 -Eb2)/( (1 -eps1)/(eps1 * A1) + 1 / (A1 * F12+ 1/(1 /(A1 * F1 R) + 1/(A2 * F2R))) + (1 - 
eps2) / (eps2 * A2)) // Eq 13.30 

/* The net rate of radiation transfer from surface A2 to surface A1 is 7 
q2 = -q1 

/* From a radiation energy balance on AR, 7 

(JR - J1 ) / (1/(AR * FR1 )) + (JR - J2) / (1/(AR *FR2)) = 0 // Eq 1 3.26 

/* where the radiosities J1 and J2 are determined from the radiation rate equations expressed in terms of 

the surface resistances, Eq 13.22 7 

q1 =(Eb1 -J1)/((1 -eps1)/(eps1 *A1)) 

q2 = (Eb2 - J2) / ((1-eps2) / (eps2 * A2)) 

// The blackbody emissive powers for A1 and A2 are 

Eb1 = sigma * T1 A 4 

Eb2 = sigma * T2M 

// For the reradiating surface, 

JR = EbR 

Continued 
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PROBLEM 13.91 (Cont.) 



EbR = sigma *TR A 4 

sigma = 5.67E-8 // Stefan-Boltzmann constant, W/m A 2K A 4 

// Radiation Tool - View Factor: 

/* The view factor, F12, for aligned parallel rectangles, is */ 
F12 = Fij_APFt(Xbar, Ybar) 
// where 
Xbar = X/L 
Ybar = Y/L 

// See Table 13.2 for schematic of this three-dimensional geometry. 

// View Factors Relations: 

F1R = 1 -F12 
FR1 = F1 R * A1 / AR 
FR2 = FR1 
A1 = X * Y 
A2 = X * Y 

AR = 2 * (X * Z + Y * Z) 
Z = L 

F2R = F1R 

// Assigned Variables: 

T1 = 400 
eps1 = 0.8 
T2 = 1 000 
eps2 = 0.9999 
X = 0.2 
Y = 0.2 
L = 0.2 
M = 2 
cp = 900 
h = 25 
Tint = 300 
Tsur = 300 



// Plate temperature, K 
// Plate emissivity 

// Bottom temperature, K 
// Bottom surface emissivity 
// Plate dimension, m 
// Plate dimension, m 
// Plate separation distance, m 
// Mass, kg 

// Specific heat, J/kg.K, 
// Convection coefficient, W/m A 2.K 
// Ambient air temperature, K 
// Surroundings temperature, K 
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PROBLEM 13.92 

KNOWN: Tool for processing silicon wafer within a vacuum chamber with cooled walls. Thin wafer is 
radiatively coupled on its back side to a chuck which is electrically heated. The top side is irradiated by 
an ion beam flux and experiences convection with the process gas and radioactive exchange with the ion- 
beam grid control surface and the chamber walls. 

FIND: (a) Show control surfaces and all relevant processes on a schematic of the wafer, and (b) Perform 
an energy balance on the wafer and determine the chuck temperature T c required to maintain the 
prescribed conditions. 

SCHEMATIC: 




H— D = 200 mm-H 



ASSUMPTIONS: (1) Steady-state conditions, (2) Wafer is diffuse, gray, (3) Separation distance 
between the wafer and chuck is much smaller than the wafer and chuck diameters, (4) Negligible 
convection in the gap between the wafer and chuck; convection occurs on the wafer top surface with the 

process gas, (5) Surfaces forming the three-surface enclosure - wafer (s w = 0.8), grid (s g = 1), and 

chamber walls (s c = 1) have uniform radiosity and are diffuse, gray, and (6) the chuck surface is black. 

ANALYSIS: (a) The wafer is shown schematically above in relation to the key components of the tool: 
the ion beam generator, the grid which is used to control the ion beam flux, qjj, , the chuck which aids in 

controlling the wafer temperature and the process gas flowing over the wafer top surface. The schematic 
below shows the control surfaces on the top and back surfaces of the wafer along with the relevant 

thermal processes: q cv , convection between the wafer and process gas; q a , applied heat source due to 

absorption of the ion beam flux, q^; q^top' net radiation leaving the top surface of the wafer (1) which 

is part of the three-surface enclosure - grid (2) and chamber walls (3), and; qi,bac> net radiation leaving 
the backside of the wafer (w) which is part of a two-surface enclosure formed with the chuck (c). 



Wafer 



Chuck 



q 1,top 



l ■„„■, ■ .c . 7 ■■ • rr^.-.-yg 




Continued 
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PROBLEM 13.92 (Cont.) 



(b) Referring to the schematic and the identified thermal processes, the energy balance on the wafer has 
the form, 

^in ~~ E out = 0 

-q C v+qa-qi,bac-qi,to P =° (!) 

where each of the processes are evaluated as follows: 

2 2 2 

Convection with the process gas: with A w = kT> I A = ^(0.200m) I A- 0.03142 m , 

q cv =hA w (T w -T g ) = 10W/m 2 x0.03142m 2 x(700-500)K = 62.84W (2) 

Applied heat source - ion beam: 

q a =qi b A w = 600 W/m 2 x 0.03 142m 2 =18.85 W (3) 

Net radiation heat rate, back side; enclosure (w,c): for the two-surface enclosure comprised of the back 
side of the wafer (w) and the chuck, (c), Eq. 13.19, yields 



qi,bac = 



CT ( T w- T c 4 ) A w 



Me 



(4) 



w 



qi,bac 



0.03 142m 2 x a (lOO 4 - T 4 ) K 4 
' ' = 1. 



1/0.6 



069x10 '(700 4 T 4 ) 



Net radiation heat rate, top surface; enclosure (1,2, 3): from the surface energy balance on Ai, Eq 
13.13. 

E bl " J l 



qi,top 



(l-q)/qAj 



(5) 



where si = s w , Aj = A w , E^i = ctTj and the radiosity can be evaluated by an enclosure analysis 
following the methodology of Section 13.2.2. From the energy balance, Eq. 13.15, 
E bl ~ J 1 _ J l ~ J 2 , J l ~ J 3 
(l-fil)/filAi 1/AjIh 1/^3 



(6) 



where J 2 = Eb2 = cT 4 and J3 = = crT 4 c since both surfaces are black (s g = s vc = 1). The view factor 
F12 can be computed from the relation for coaxial parallel disks, Table 13.5. 



Fi 2 =0.5 S- 



S 2 -4(r 2 / ri ) 2 



1/2 



„ , l + Ro , 1 + 0.5 2 

S = l + r^ = l + - 



= 0.5^6.0- 



6.00 



6.0 2 -4(l) : 



1/2 



■ = 0.1716 



0.5" 
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PROBLEM 13.92 (Cont.) 

Ri =r 1 /L = 100/200 = 0.5 R 4 =r 4 /L = 0.5 

The view factor F13 follows from the summation rule applied to Ai, 
Fl 3 =1-1^2 =1-0.1716 = 0.8284 

Substituting numerical values into Eq. (6), with T\ = T w = 700 K, T 2 = T g = 500 K, and T 3 = T vc = 300 
K, find Ji, 



+ ^ ^ (7) 



(1-^/qA, l/J\ 2 1/Fi 3 
Jt =8564 W/m 2 

4 2 

Using Eq. (5), find qj top with Ej,2 = crT w =13,614 W/m and A1 = A w . 
(l3,614-8564)W/m 2 

qi,to P = — > ~ = 238 W 



(l-0.6)/(o.6x0.03142m 2 j 



Evaluating T c from the energy balance on the wafer, Eq. (1), and substituting appropriate expressions for 
each of the processes, find 



-62.84 W/m 2 + 18.85W-1.069xl0 9 ^700 4 -T c 4 )-238 W = 0 



T c = 842.5 K < 

From Eq. (4), with T c = 815 K, the electrical power required to maintain the chuck is 

P c = -qi )bac = 1.069 xlO" 9 ^842.5 4 -700 4 J = 282 W 

COMMENTS: Recognize that the method of analysis is centered about an energy balance on the wafer. 
Identifying the processes and representing them on the energy balance schematic is a vital step in 
developing the strategy for a solution. This methodology introduced in Section 1.3.3 becomes important, 
if not essential, in analyzing complicated physical systems. 
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PROBLEM 13.93 



KNOWN: Ice rink with prescribed ice, rink air, wall, ceiling and outdoor air conditions. 

FIND: (a) Temperature of the ceiling, T c , having an emissivity of 0.05 (highly reflective panels) or 
0.94 (painted panels); determine whether condensation will occur for either or both ceiling panel types 
if the relative humidity of the rink air is 70%, and (b) Calculate and plot the ceiling temperature as a 
function of ceiling insulation thickness for 0. 1 < t < 1 m, identify conditions for which condensation 
will occur on the ceiling. 

SCHEMATIC: 



Outdoor air 

Vo = -5°C 



T 



1 



L = 10 m 



i 



Insulation, k = 0.035 W/m-K, thickness t = 0.3m 

Ceiling (c), T c , s = 0.05 or 0.94 



Rink air 

T m ,i = 15°C 
h; = 5 W/m 2 -K 



4r 



D = 50 m 




Walls (w) 



Ice (i), Ti = - 5°C 



ASSUMPTIONS: (1) Rink comprised of the ice, walls and ceiling approximates a three-surface, 
diffuse-gray enclosure, (2) Surfaces have uniform radiosities, (3) Ice surface and walls are black, (4) 
Panels are diffuse-gray, and (5) Thermal resistance for convection on the outdoor side of the ceiling is 
negligible compared to the conduction thermal resistance of the ceiling insulation. 

PROPERTIES: Psychrometric chart (Atmospheric pressure; dry bulb temperature, T^b = T^j = 
15°C; relative humidity, RH = 70%): Dew point temperature, T dp = 9.4°C. 

ANALYSIS: The energy balance on the ceiling illustrated in the schematic below has the form 
Ein — E out = 0 

~ ( Ao ~~ 1conv,c — Irad^ = 0 
where the rate equations for each process are 

1o = (Tc — Toq,o j / R C ond 
^conv,c = h Ac {jc ~ r ^-co,i) 

qrad,c = ^ E b ( T c) A c -a A w F wc E b (T w )-aAi F ic E b (Ti) 

4 -8 2 4 

The blackbody emissive powers are Eb = a T where a = 5.67 x 10 W/m -K . Since the ceiling 

panels are diffuse-gray, a = s. The view factors required of Eq. (5): determine F- 1C (ice to ceiling) 
from Table 13.2 (Fig. 13.5) for parallel, coaxial disks 



Rcond - t/kA c 



(1) 

(2,3) 

(4) 

(5) 



L ic 



0.672 



and F wc (wall to ceiling) from the summation rule on the ice (i) and the reciprocity rule, 
1 F iw = F cw (symmetry) 



F ic + F iw 



L cw 



1-F; 



1C 



Fwc = (A c / A w )F CW = (A c / A w ) (1 - F ic ) = 0.410 



Continued 
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PROBLEM 13.93 (Cont.) 



where A c = jiD /4 and A w - n DL. 

Using the foregoing energy balance, Eq. (1), and the rate equations, Eqs. (2-5), the ceiling temperature 
is calculated using radiative properties for the two panel types, 



Ceiling panel 

Reflective 

Paint 



8 

0.05 
0.94 



T c (°C) 
14.0 
8.6 



T c < Tdp 



Condensation will occur on the painted panel since T c < Tjp. 

Outdoors ^ q 0 Energy balance on ceiling 

— Ceiling, k 



f q 0 



Rink air 



l/^conv.c \| 



An, Tr. 



qrad.i 



Rcond 



^ C|conv,c + qrad.c 



(b) The equations required of the analysis above were solved using IHT. The analysis is extended to 
calculate the ceiling temperatures for a range of insulation thickness and the results plotted below. 



15 



O 
o 

H 

<B 
Z3 

<D 
Q. 

E 
& 

g 

"55 
O 



10 



0.2 0.4 0.6 0.8 
Ceiling insulation thickness, t (m) 

Painted ceiling, epsc = 0.94 
Reflective panel, epsc = 0.05 



For the reflective panel (e = 0.05), the ceiling surface temperature is considerably above the dew point. 
Therefore, condensation will not occur for the range of insulation thickness shown. For the painted 
panel (s = 0.94), the ceiling surface temperature is always below the dew point. We expect 
condensation to occur for the range of insulation thickness shown. 

COMMENTS: From the analysis, recognize that the radiative exchange between the ice and the 
ceiling is the dominant process for influencing the ceiling temperature. With the reflective panel, the 
rate is reduced nearly 20 times that with the painted panel. With the painted panel ceiling, for most of 
the conditions likely to exist in the rink, condensation will occur. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.94 

KNOWN: Diameter, temperature and emissivity of boiler tube. Thermal conductivity and emissivity of 
ash deposit. Convection coefficient and temperature of gas flow over the tube. Temperature of 
surroundings. 

FIND: (a) Rate of heat transfer to tube without ash deposit, (b) Rate of heat transfer with an ash deposit 
of diameter = 0.06 m, (c) Effect of deposit diameter and convection coefficient on heat rate and 
contributions due to convection and radiation. 



SCHEMATIC: 



Ash deposit, k =1 W/m K 
E d =0.9 



Gases *■ 

h,T oo = '\800 K 




Boiler tube 
D t = 0.05 m 



T SUf = 1500K 



T t = 600 K 
e f = 0.8 

ASSUMPTIONS: (1) Diffuse/gray surface behavior, (2) Surroundings form a large enclosure about the 
tube and may be approximated as a blackbody, (3) One-dimensional conduction in ash, (4) Steady-state. 

ANALYSIS: (a) Without an ash deposit, the heat rate per unit tube length may be calculated directly. 



q' = hxD t (T^ - T t ) + s t cmD t (t s 4 r - T t 4 J 



q' = 100 W / m 2 ■ K (^)0.05 m (1800 - 600) K + 0.8 x 5.67 x 10 8 W / m 2 • K 4 (^)(0.05 m) (l500 4 - 600 4 j K 

q' = (18, 850 + 35,150) W/m = 54,000 W/m < 
(b) Performing an energy balance for a control surface about the outer surface of the ash deposit, 
Iconv + Irad = Icond > or 

h^D d (T*, - T d ) + e d oxT) d [t^ - T d 4 j = w^^T 

Hence, canceling ji and considering an ash deposit for which = 0.06 m, 

100 W / m 2 • K (0.06 m) (1 800 - T d ) K + 0.9 x 5.67 x 10" 8 W / m 2 • K 4 (0.06 m) (l500 4 - T d J k" 

_ 2(1 W/m-K)(T d -600)K 
In (0.06/ 0.05) 

A trial-and-error solution yields Tj » 1346 K, from which it follows that 
q' = h^D d (T^ - T d ) + s d axD d (t s 4 r - T 4 j 

q ' = 100W/m 2 -K(^)0.06m(l800-1346)K + 0.9x5.67 xl0" 8 W/m 2 -K 4 (^)0.06m(l500 4 -1346 4 jK 4 



Continued 
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PROBLEM 13.94 (Cont.) 



q' = (8560 + 17,140)W/m = 25,700W/m < 

(c) The foregoing energy balance was entered into the IHT workspace and parametric calculations were 
performed to explore the effects of h and on the heat rates. 




55000 



-10000 



200 400 600 800 

Convection coefficient, hbar(W/m A 2.K) 

Conduction 
Convection 
Radiation 



1000 




0.05 0.055 0.06 0.065 0.07 
Diameter of ash deposit, Dd(m) 

— • — Conduction 
* Convection 
— ■— Radiation 



0.075 



For Dd = 0.06 m and 10 < h < 1000 W / m • K, the heat rate to the tube, qcond > as wei l as ^ e 
contribution due to convection, qc Gnv , increase with increasing h. However, because the outer surface 

temperature T<j also increases with h, the contribution due to radiation decreases and becomes negative 

— 2 

(heat transfer from the surface) when exceeds 1500 K at h = 540 W / m • K. Both the convection and 
radiation heat rates, and hence the conduction heat rate, increase with decreasing Dj, as decreases and 

approaches T t = 600 K. However, even for = 0.051 m (a deposit thickness of 0.5 mm), = 773 K 
and the ash provides a significant resistance to heat transfer. 

COMMENTS: Boiler operation in an energy efficient manner dictates that ash deposits be removed 
periodically. 
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PROBLEM 13.95 



KNOWN: Two large parallel plates, separation distance and temperature of top plate. Gap 
between plates is filled with atmospheric pressure air, and heat flux from the bottom plate. 

FIND: (a) Temperature of the bottom plate and the ratio of the convective to radiative heat 
fluxes for si = £2 = 0.5, (b) Temperature of the bottom plate and the ratio of the convective to 
radiative heat fluxes for Si = S2 = 0.25 and 0.75. 

SCHEMATIC: 

I L 



Air at t 2 = 330 K, s 2 



atmospheric pressure ' / T 1; 



J 



q" = 250 W/m 2 



ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) Constant 
properties, (4) Diffuse, gray surfaces, (5) Ideal gas behavior. 



PROPERTIES: Table A.4, air (T = 350 K): k = 0.030 W/m-K, a = 2.99 x 10° m7s, v = 2.092 x 
10" 5 m 2 /s, Pr = 0.70. 

ANALYSIS: (a) The heat flux is composed of radiative and convective components, 

q"=qiad+qconv (!) 



where 



„ -( Tl 4 -T 2 4 ) 

Irad - ~~ j j (2) 
— + — -1 

Si £2 



and 



qconv = h ( T i- T 2) (3) 

We evaluate h by using the Globe and Dropkin correlation of Chapter 9, 
k 



h = 
L 



0.069Ra|"Pr 0074 ] (4) 



where 



Continued. 
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PROBLEM 13.95 (Cont.) 



Ra L = 



va 



(5) 



Combining Eqs. (1) through (5) yields 



CT (t, 4 -t 2 4 ) 

e l 8 2 



0.069kfi&^ 



a/3 



V va 



Pr 



0.074 



(Ti-T 2 ) 



(6) 



or 



5.67 xlO" 8 



W 



250W/m =- 



m • K 



T 4 -(330K) 



J_ J_ 
05 + 05 



0.069x0.030 



W 



m-K 



' 981 r^ x ' T '- 330 ' K ' 

2 2 

2.092 x 10~ 5 — x 2.99 x 10^ 5 — 



V 



1/3 



x0.70 0074 



s J 



x(T 1 -330)K (7) 



Equation (7) may be solved iteratively to yield Ti = 373 K. 
In addition, 



9.8 ™ x — — x (373 - 330) K x (0. lm) 3 
Ra L = § = 1.93xl0 6 



2 2 

2.092 x 10~ 5 — x 2.99 x 10~ 5 — 



and 



0.030 



W 



h = 



m-K 



0.10m 



1/3 

0.069 x(l. 93 xlO 6 ) x0.70° [ 

q conv = 2.52 x (373 - 300) K = 108 ^ 

m-K m 



074 



= 2.51 



W 



m 2 -K 



W 



...... W W W a 108 

q rad =q -q conv =2504-108— = 142— ; = -^ = 0.76 

m m m q rad 142 



Continued. 
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PROBLEM 13.95 (Cont.) 



(b) Substituting Si = s 2 = 0.25 into Eq. (6) yields 

T! = 388.4 K, Ra L = 2.6 x 10 6 , h = 2.78 W/m 2 -K, q com = 162 W/m 2 , q rad = 88 W/m 2 , 
qconv = 162 =1 g 4 < 

qrad 88 

(c) Substituting Si = s 2 = 0.75 into Eq. (6) yields 

T[ = 361.6 K, Ra L = 1.4 x 10 6 , h = 2.26 W/m 2 -K, q' com = 72 W/m 2 , q rad = 178 W/m 2 , 

= — = 0.40 < 

qrad 178 



COMMENT: Note the increase in the temperature difference between the plates as the 
emissivity is reduced. Both the radiative and convective heat fluxes are highly sensitive to the 
plate emissivity. 
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PROBLEM 13.96 



KNOWN: Dimensions, emissivities and temperatures of heated and cured surfaces at opposite ends 
of a cylindrical cavity. External conditions. 

FIND: Required heater power and outside convection coefficient. 

SCHEMATIC: 




T sar --300K 



if 

L c =200mm- 
T b ^OOK 




T Z =400K, e z y-0.5 } e, 2iO -0.9 
D= 120mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surfaces, (3) Negligible 
convection within cavity, (4) Isothermal disk and heater surfaces, (5) One-dimensional conduction in 
base, (6) Negligible contact resistance between heater and base, (7) Sidewall is reradiating. 



ANALYSIS: The equivalent circuit is 

From an energy balance on the heater surface, qi, e lec = qi,cond + qi,rad> 



^.fa^k^D^S— 32- + 



-(t, 4 -t 2 4 ) 



L b 1-q 



*1 A 1 + A lFl2 + [(1 / A lFlR ) + (1/ A 2 F2 R + ^2,i A 2 



where Ai = A 2 = 7tD 2 /4 = jt(0. 12 m) 2 /4 = 0.01 13 m and from Fig. 13.5, with L c /ri = 3.33 and r 2 /L c = 
0.3 find F12 = F21 = 0.077; hence, Fir = F2R = 0.923. The required heater power is 

2 (800-300)K 



q l elec =20 W/m-Kx0.0113 nT 



0.025 m 

0.01 13 m 2 x 5.67 x 10" 8 W / m 2 • K 4 [ 800 4 - 400 4 ^ " 4 



+ - 



1-0.9 



1-0.5 



09 0.077 + [(1/ 0.923) + (l/0.923)] _1 °- 5 
qi,elec = 4521 W + 82.9 W = 4604 W. < 
An energy balance for the disk yields, q rad2 = q ra d,l = h o A 2 ( T 2 " T oo ) + ^2,0 A 2°" ( T 2 " T sur ) - 



82.9 W- 0.9x0.01 13 m 2 x 5.67x10 8 W/m 2 • K 4 ^400 4 -300 4 )k 4 



64 W/m -K. 



0.0113 m xlOO K 



COMMENTS: Conduction through the ceramic base represents an enormous system loss. The base 
should be insulated to greatly reduce this loss and hence the electric power input. 
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PROBLEM 13.97 



KNOWN: Electrical conductors in the form of parallel plates having one edge mounted to a ceramic 
insulated base. Plates exposed to large, isothermal surroundings, T sur . Operating temperature is Ti = 
500 K. 

FIND: (a) Electrical power dissipated in a conductor plate per unit length, qj, considering only 
radiative exchange with the surroundings; temperature of the ceramic insulated base T2; and, (b) 

and T2 when the surfaces experience convection with an airstream at Too = 300 K and a convection 
coefficient of h = 24 W/m -K. 

SCHEMATIC: 



Surroundings,7 sur 




Plate 

conductor, (1) 



Ceramic insulated 
base, (2) 




ASSUMPTIONS: (1) Conductor surfaces are diffuse, gray, (2) Conductor and ceramic insulated base 
surfaces have uniform temperatures and radiosities, (3) Surroundings are large, isothermal. 

ANALYSIS: (a) Define the opening between the conductivities as the hypothetical area A3 at the 

temperature of the surroundings, T sur , with an emissivity 83 = 1 since all the radiation incident on the 
area will be absorbed. The conductor (l)-base (2)-opening (3) form a three surface enclosure with one 

surface reradiating (2). From Eq. 13.25, the net radiation leaving the conductor surface Ai is 



qi 



E bl ~ E b2 



1 



l-s 3 



(1) 



+ TT + 

*1 A 1 A 1 F 1 3 + [(1/A 1 F 12 ) + (1/A 3 F3 2 )P ^3 



where E^i = crTj 4 and E^i = aT 3 . The view factors are evaluated as follows: 

F32: use the relation for two aligned parallel rectangles, Table 13.2 or Fig. 13.4, 
X = X/L = w/L = 10/40 = 0.25 Y = Y/L = oo 

F32 =0.1231 

F13: applying reciprocity between Ai and A3, where Ai = 2L£ = 2 x 0.040 m£ - 0.080 I and A3 = 
w£ =0.010 i and£ is the length of the conductors normal to the page, i » L or w, 

= ^3^i = 0.010^x0.8769/0.080^ = 0.1096 
A l 

where F31 can be obtained by using the summation rule on A3, 
F3! =1-F32 =1-0.1231 = 0.8769 

Fl2 : by symmetry F12 = F13 = 0.1096 

Continued 
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PROBLEM 13.97 (Cont.) 

Substituting numerical values into Eq. (1), the net radiation leaving the conductor is 



qi =■ 



5.67x10 8 W/m 2 -K 4 (500 4 -300 4 jK 4 



1-0.8 



1 



+ 0 



0.8x0.080/ 0.080/x0.1096 + [(l/0.080^x0.1096) + (l/0.010^x0.123)] 1 

(3544-459.3)W 

q = qi /l = -± '- = 29.5 W/m 

3.1250 + 101.557 + 0 

(b) Consider now convection processes occurring at the conductor (1) and base (2) surfaces, and 
perform energy balances as illustrated in the schematic below. 





"■ ^" £ r . F . ^t 




Surface 1: The heat rate from the conductor includes convection and the net radiation heat rates, 

qin = q C v,l + qi = h Ai (Ti - Too ) + j- 

(l-qj/qAj 

and the radiosity J\ can be determined from the radiation energy balance, Eq. 13.15, 



-bl " J l 



J l ~ J 2 + . J l ~ J 3 



(l-^/qAj l/Afa 



(2) 



(3) 



Surface 2: Since the surface is insulated (adiabatic), the energy balance has the form 

E b2 _J 2 



where J3 = E^3 = (7T3 since A3 is black. 

2: Since the surface is insulated (; 

0 = q cv , 2 +q 2 =hA 2 (T 2 -T oo ) + - 

l-£ 2 /^2 A 2 

and the radiosity J2 can be determined from the radiation energy balance, Eq. 13.15, 

E b2~ J 2 = J 2~ J 1 , J 2~ J 3 
{\-s 2 )ls 2 A 2 1/A2F2, 1/A 2 F2 3 



(4) 



(5) 



There are 4 equations, Eqs. (2-5), with 4 unknowns: J2, J2, T2 and q^. Substituting numerical values, 
the simultaneous solution to the set yields 



Jj =3417 W/m" 



J 2 = 1745 W/m^ 



T 2 = 352 K q- n =441W/m 



COMMENTS: (1) The effect of convection is substantial, increasing the heat removal rate from 29.5 
W to 441 W for the combined modes. 

(2) With the convection process, the current carrying capacity of the conductors can be increased. 
Another advantage is that, with the presence of convection, the ceramic base operates at a cooler 
temperature: 352 K vs. 483 K. 
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PROBLEM 13.98 



KNOWN: Surface temperature and spectral radiative properties. Temperature of ambient air. Solar 
irradiation or temperature of shield. 

FIND: (a) Convection heat transfer coefficient when surface is exposed to solar radiation, (b) 
Temperature of shield needed to maintain prescribed surface temperature. 



SCHEMATIC: 



l^=300K,h. 



77 =320 K- 



t?" / 



J- 



Zo=300K,h 



777777777777777777 



9" 

■^conv 



777777777777777777 



%=320K 



ASSUMPTIONS: (1) Surface is diffuse (ax = &x), (2) Bottom 
of surface is adiabatic, (3) Atmospheric irradiation is 
negligible, 

(4) With shield, convection coefficient is unchanged and 
radiation losses at ends are negligible (two-surface enclosure). 



=0.9 
>A 



ANALYSIS: (a) From a surface energy balance, 

a S G S = ^s°" T s 4 + h ( T s " T oo ) ■ 
Emission occurs mostly at long wavelengths, hence s s = 0,2 = 0.3. However, 

\™a A E Ath (A, 5800 K)<U 



a s 



: «l F (0-l/.m)+«2 I (l-oo) 



and from Table 12.1 at XT = 5800 ixm-K, F(o-i^ m ) = 0.720 and hence, F(i . qo) = 0.280 giving 
a = 0.9 x 0.72 + 0.3 x 0.280 = 0.732. 

Hence 

\4 



h = 



a s G s -eaT 4 0.732^1200 W/m 2 J- 0.3x5.67x10 8 W/m 2 • K 4 (320 K) Z 



T -T 



20 K 



h=35 W/m -K. 



(b) Since the plate emits mostly at long wavelengths, a s = s s = 0.3. Hence radiation exchange is 
between two diffuse-gray surfaces. 



q ps 



1/^p +l/s s -1 



— ^conv — n (^s ^00 ) 



T p 4 =(h/ C r)(T s -T 00 )(l/ fp +l/ fs -l) + T s Z 



^4 _ 35 W/m 2 -K(20 K) 



5.67x10 8 W/m 2 -K 4 



1 



1 



— + 1 

v 0.8 0.3 j 



(320 K) 



T p = 484 K. < 



COMMENTS: For T p = 484 K and X = 1 Lim, XT = 484 Lim-K and F (0 _x,) = 0.000. Hence assumption 
of a s = 0.3 is excellent. 
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PROBLEM 13.99 



KNOWN: Long uniform rod with volumetric energy generation positioned coaxially within a larger circular tube 
maintained at 500°C. 

FIND: (a) Center Tj(0) and surface Tj s temperatures of the rod for evacuated space, (b) Ti(0) and Ti s for 
airspace, (c) Effect of tube diameter and emissivity on Tj(0) and Ti s . 

SCHEMATIC: 

D 1 = 50 mm 



Rod, q = 20 kW/m 3 , 
k = 15W/m-K 




r 2 = 30, 50, 500 mm 

Tube, T 2 = 773 K, 0.1 ^ e 2 ^ 1 

z Vacuum or Air 

ASSUMPTIONS: (1) All surfaces are diffuse-gray. 

6 2 6 2 

PROPERTIES: Table A-4, Air (T = 780 K): v = 81.5 x 10" m /s, k = 0.0563 W/m-K, a = 115.6 x 10" m /s, (3 

= 0.00128K _1 ,Pr = 0.706. 

ANALYSIS: (a) The net heat exchange by radiation between the rod and the tube is 

,(t?-t{) 



qi2 



(l-ffj )/£ , 1 ^D 1 +l/^D 1 R i 2 s 2 )l s 2 nT> 2 
and, from an energy balance on the rod, -Eq u1 + Eg en = 0, or 

qi 2 =q(^D 1 2 /4). 

Combining Eqs. (1) and (2) and substituting numerical values, with ¥\ 2 = 1, we obtain 



(1) 



(2) 



q = 



Di 



(-IT/-T2 4 



20x10 



(l- £l )/ £l+ l + [(l-e 2 )/ £2 ](D l /D 2 ) 
3 W 4 



m 



0.050m 



5.67x10 8 W/m 2 -K 4 )^ -773 4 )K 4 



(l - 0.2)/0.2 + 1 + [(l - 0.2)/ 0.2] (0.050/0.060) 
54.4x10" 8 (t 1 4 s -773 4 ) W/m 3 



T ls = 792 K. 
From Eq. 3.53, the rod center temperature is 

\2 



Tl(0) = 



q(Dl/2 ) 
4k 



+ T, 



Is 



T 1 (0) i 



20 x 10 3 W /m 3 (0.050 m/2) 2 
4xl5W/m-K 



+ 792 K = 0.21 K + 792 K = 792.2 K. 



(b) The convection heat rate is given by Eqs. 9.58 through 9.60. The length scale is L c = 2[ln(0.06/0.05)] 4 '7 
(0.025 m 3/5 + 0.030 m _3/5 ) 5/3 = 0.0018 m. Assuming a maximum possible value of (T sl - T 2 ) = 19 K, Ra c = gP(T sl - 
T 2 )L c 3 /va = 9.8 m/s 2 (0.00128 K ')19 K (0.0018 m) 3 /(81.5 x 10 -6 m 2 /s x 1 15.6 x 10 6 m 2 /s) = 0.142 and k eff /k = 
0.386x[0.706/(0.861 + 0.706)] 1/4 (0. 142) 1/4 = 0.194. Since k eff /k is predicted to be less than unity, conduction occurs 
within the gap. 

Continued 
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PROBLEM 13.99 (Cont.) 



Hence, from Eq. 3.27, q' con r\ = 2 rck (Ti s - T2)/ln(r2/ri). 

2xk (T ls - T 2 ) _ In (0.0563 W / m • K) (T 1s - 773) K 



Icond 



ln(r 2 / ri ) 
The energy balance then becomes 

q = (4/«-D? )(qi 2 +qcond) 



In (30/ 25) 
q^D 1 2 /4j=qi 2 +qcond' or 



1.94(T ls -773) 



2xl0 4 = 



54.4x10 8 (t! 4 s -773 4 ) + 988(T 1s -773) 



T ls = 783 K 



Tj (0) = 783.2 K 



(c) Entering the foregoing model and the prescribed properties of air into the IHT workspace, the 

parametric calculations were performed for D2 = 0.06 m and D2 = 0.10 m. For D2 = 1.0 m, Ra* > 100 

and heat transfer across the airspace is by free convection, instead of conduction. In this case, convection 
was evaluated by entering Eqs. 9.58 - 9.60 into the workspace. The results are plotted as follows. 



820 



<y 810 



800 



790 



780 



770 




03 



800 



790 



780 



770 



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Emissivity, eps 

— •— D2 = 1 .00 m 
— *— D2 = 0.10 m 
— ■— D2 = 0.06 m 




0.4 0.5 0.6 0.7 
Emissivity, eps 



D2 = 1 .00 m 
D2 = 0.10 m 
D2 = 0.06 m 



The first graph corresponds to the evacuated space, and the surface temperature decreases with increasing 
8i = 82, as well as with D2. The increased emissivities enhance the effectiveness of emission at surface 1 

and absorption at surface 2, both which have the effect of reducing Ti s . Similarly, with increasing D2, 
more of the radiation emitted from surface 1 is ultimately absorbed at 2 (less of the radiation reflected by 
surface 2 is intercepted by 1). The second graph reveals the expected effect of a reduction in Ti s with 

inclusion of conduction or convection heat transfer across the air. For small emissivities (si = S2 < 0.2), 
conduction across the air is significant relative to radiation, and the small conduction resistance 
corresponding to D2 = 0.06 m yields the smallest value of Ti s . However, with increasing 8, 
conduction/convection effects diminish relative to radiation and the trend reverts to one of decreasing Ti s 
with increasing D2. 

COMMENTS: For this situation, the temperature variation within the rod is small and independent of 
surface conditions. 
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PROBLEM 13.100 



KNOWN: Side wall and gas temperatures for adjoining semi-cylindrical ducts. Gas flow convection 
coefficients. 

FIND: (a) Temperature of intervening wall, (b) Verification of gas temperature on one side. 
SCHEMATIC: 



T £ =600K t 




•T A 



T Z =400K, A 2 



ASSUMPTIONS: (1) All duct surfaces may be approximated as blackbodies, (2) Fully developed 
conditions, (3) Negligible temperature difference across intervening wall, (4) Gases are 
nonparticipating media. 

ANALYSIS: (a) Applying an energy balance to a control surface about the wall yields 

^in = E out . 
Assuming T g j > T w > T g 2, it follows that 

1rad(l->w) + 1conv(gl->w) = 1rad(w->2) + 1conv(w->g2) 

Atfw* ( T l 4 " T w ) + hA w (T g)1 - T w ) = A w F w2( t (t^ - T 2 4 ) + hA w (t w - T g , 2 ) 

and with 

and substituting numerical values, 

2aT 4 + 2hT w = a {rf + T 2 4 ) + h (T gl + T g , 2 ) 

11.34xlO" 8 T 4 +10T W =13,900. 
Trial-and-error solution yields 

T w * 526 K. < 
(b) Applying an energy balance to a control surface about the hot gas (gl) yields 
^in = E out 



or 



hA 1 (T 1 -T gl ) = hA w (T gl -T w ) 
Ti-T g i = [D/(^D/2)](T gl -T w ) 



29°C = 29°C. < 

COMMENTS: Since there is no change in any of the temperatures in the axial direction, this scheme 
simply provides for energy transfer from side wall 1 to side wall 2. 
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PROBLEM 13.101 



KNOWN: Temperature, dimensions and arrangement of heating elements between two large parallel 
plates, one insulated and the other of prescribed temperature. Convection coefficients associated with 
elements and bottom surface. 

FIND: (a) Temperature of gas enclosed by plates, (b) Element electric power requirement, (c) Rate of 
heat transfer to 1 m x lm section of panel. 

SCHEMATIC: 

////////////////////_/_/_/_/////////// //////^ 

D-2Smm 'AJ ® (pTfSOoK^r-lo, 



7 



L 



out- 



® h 2 =zW/w* K 



ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Negligible end effects since the surfaces form an 
enclosure, (3) Gas is nonparticipating, (4) Surface 3 is reradiating with negligible conduction and 
convection. 

ANALYSIS: (a) Performing an energy balance for a unit control surface about the gas space, 
^in ~~ E out = 0. 

VD(T 1 -T m )-h 2 s(T m -T 2 ) = 0 



T„ 



h^DTt + h 2 sT 2 _ 10 W / m 2 • Yin (0.025 m) 600 K + 2 W / m 2 • K (0.05 m) 400 K 



h^D + h 2 s 10 w/m 2 -K;z- (0.025 m) + 2 W/m 2 -K(0.05 m) 

(b) The equivalent thermal circuit is 



T m =577 K. 



%.elec fe = 4 Alt. 




.,conv 



The energy balance on surface 1 is 

ql,elec = ql,conv + ql,rad 
where q^ rac j can be evaluated by considering a unit cell of the form 




= ttD = ;r (0.025 m) = 0.0785 m 
A 2 = A3 = s = 0.05 m 



Continued 
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PROBLEM 13.101 (Cont.) 



The view factors are 
%=!- 



l-(D/s) 2 +(D/s)tan _1 (s 2 -D 2 )/D 2 



1/2 



F21 = l-[l-0.25] 1/2 +0.5tan 1 (4-l) 1/2 - 0.658 = % 
F 23 =l-F 21 =0.342 = %. 
For the unit cell, 

A 2% = sF 21 = °- 05 mx 0.658 = 0.0329 m = AjF^ = A3F31 = AjFj3 
A 2 F2 3 =sF2 3 =0.05 mx 0.342 = 0.0171 m = A3F32. 

Hence, 

E bl _E b2 



qi,rad = -T7 



R equiv = A i I l2 + 



Requiv+C 1 -^) 7 ^^ 
1 



l/AiFjg+l/A^ 



0.0329 + - 



V 



(0.0329) 1 +(0.0171) 1 



m 



R equiv = 22 - 6 m 



-1 



Hence 



5.67x10 8 W/m 2 



qi,rad = 



600 4 - 400 4 Ik 4 



= 138.3 W/m 



[22.6 + (1 - 0.5) / 0.5 x 0.05] m -1 

qi,conv =MD(T 1 -T m ) = 10 W/m 2 • ¥Ln( 0.025 m)(600 - 577) K = 17.8 W/m 

qi,elec =(l38.3 + 17.8)W/m = 156 W/m. < 
(c) Since all energy added via the heating elements must be transferred to surface 2, 

q2 =qi- 

Hence, since there are 20 elements in a 1 m wide strip, 

q2(lmxlm)= 2 °xqi,elec=3120 W. < 

COMMENTS: The bottom panel would have to be cooled (from below) by a heat sink which could 
dissipate 3120 W/m 2 . 
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PROBLEM 13.102 

KNOWN: Flat plate solar collector configuration. 
FIND: Relevant heat transfer processes. 
SCHEMATIC: 



Wind 




Tncident\ Reflection 
solar \ 
radiation \ f 

r / Absorption n 



Forced 
convection 



Transmissfonf^'' 0 " / 

\f Absorption % 1 exchange / > 



-7- . . ^^•"ISSk^Ss^ 

transmission \ S / exchange 
/Absorption / 




« Emission 

1 p 



D (O) O 



o o a 




Water 

3< 



^Conduction 
i 

|Convecf/077 



* Conduction through insulation 
Conduction through absorber and tube wall 



Forced convection to water 



The incident solar radiation will experience transmission, reflection and absorption at each of the 
cover plates. However, it is desirable to have plates for which absorption and reflection are minimized 
and transmission is maximized. Glass of low iron content is a suitable material. Solar radiation 
incident on the absorber plate may be absorbed and reflected, but it is desirable to have a coating 
which maximizes absorption at short wavelengths. 

Energy losses from the absorber plate are associated with radiation, convection and conduction. 
Thermal radiation exchange occurs between the absorber and the adjoining cover plate, between the 
two cover plates, and between the top cover plate and the surroundings. To minimize this loss, it is 
desirable that the emissivity of the absorber plate be small at long wavelengths. Energy is also 
transferred by free convection from the absorber plate to the first cover plate and between cover plates. 
It is transferred by free or forced convection to the atmosphere. Energy is also transferred by 
conduction from the absorber through the insulation. 

The foregoing processes provide for heat loss from the absorber, and it is desirable to minimize these 
losses. The difference between the solar radiation absorbed by the absorber and the energy loss by 
radiation, convection and conduction is the energy which is transferred to the working fluid. This 
transfer occurs by conduction through the absorber and the tube wall and by forced convection from 
the tube wall to the fluid. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.103 



KNOWN: Two large parallel plates, temperature of each plate. Bare plate and paint 
emissivities, thickness of paint layers. 

FIND: (a) Radiation heat flux across the gap for Si = S2 = s s = 0.85, (b) Radiation heat flux 
across the gap for Si = £2 = s p = 0.98, (c) Radiation heat flux across the gap when the paint layer 
thickness is L = 2 mm and paint thermal conductivity is k = 0.21 W/m-K, (d) Plot of the radiation 
heat flux across the gap as a function of the surface emissivity over the range 0.05 < s s < 0.95. 
Show the heat flux of the painted surface with thin and thick paint layers on the same graph. 



SCHEMATIC: 



Bare surface 



T, = 350 K, e s = 0.85 



Painted surface 



Paint, k = 0.21 W/m-K 







L = 2 mm 


/ 










mm 




■ . if' ..- -' 

■ 








— T s ,i,e p = 


T 2 = 350 K, e s 


= 0.85 







ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Diffuse, gray surfaces, (3) Negligible 
contact resistance between the plate and the paint. 

PROPERTIES: Paint (given): k = 0.21 W/m-K. 

ANALYSIS: (a) The radiation heat flux across the gap is 

W 



^ T 4j 5.67x10 

Irad — J j~ 



(350 4 -300 4 )K 4 



- + 1 

£1 62 



1 - + -L-i 



= 289.4 



W 



m 



(D< 



0.85 0.85 



(b) With si = s 2 = s p = 0.98, 



5.67 x 10~ 8 , W . x (350 4 - 300 4 ) K 4 



Irad - 



m 2 -K 4 



1 1 

098 + 098 



= 376.2 



W 

2 



m 



(c) After painting both surfaces, the thermal resistance network is 



Continued.. 
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PROBLEM 13.103 (Cont.) 



^tcond 



T, 



0.21 



T s,1 



W 



q " = ^( Tl -T sl ) = 2!_K(350K-T sl ) 



^t.cond 



(2) 



o(t\-T\) 5.67xl(T 8 — 

i s,2j_ m 2. K 4 



-L+-U 



q"=^(T s , 2 -T 2 ) : 



1 - + -L-1 



0.98 0.< 



0.21 



W 
m-K 



2xl0~ 3 m 



(T s>2 -300K) 



(3) 



(4) 



Solving Eqns. (2) through (4) simultaneously yields 



T s ,i= 346.9 K, T S; 2= 303.1 K, q = q rad = q cond = 328.7 



W 



m 

(d) Solving Eq. (1) over the range 0.05 < s < 0.95 yields the following. 

Heat Flux With and Without High Emissivity Paint 



0 0.2 0.4 0.6 

Bare Surface Emissivity 

No Paint 

With Paint, No Conduction Resistance 

— With Paint, With Conduction Resistance 



COMMENTS: (1) The paint is effective in increasing radiation heat transfer across the gap for 
all but very high emissivity bare surfaces. (2) Thick paint layers will result in significant thermal 
conduction resistances which, in turn, reduce heat transfer across the gap. (3) Use of paints is 
usually restricted to relatively low temperatures. (4) Thermal contact resistances may be large if 
flaking or peeling of the paint becomes significant. 
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PROBLEM 13.104 

KNOWN: Ceiling temperature of furnace. Thickness, thermal conductivity, and/or emissivities of 
alternative thermalmsulation systems. Convection coefficient at outer surface and temperature of 
surroundings. 

FIND: (a) Mathematical model for each system, (b) Temperature of outer surface T s o and heat loss 
q" for each system and prescribed conditions, (c) Effect of emissivity on T s o and q". 

SCHEMATIC: 

. -v* '• -~~ . y M • £; — %- ».% -~ * . 

x r =3ook I:-:: 



T oo =300K 

h Q = 25 W/m 2 K 



°conv,o t T ^rad,o T F 

S.O" fc 0 



Insulation 

k = 0.09 W/m-K 



a a 

xonv,/ Tad,/' 




ASSUMPTIONS: (1) Steady-state, (2) Diffuse/gray surfaces, (3) Surroundings form a large 
enclosure about the furnace, (4) Radiation in air space corresponds to a two-surface enclosure of large 
parallel plates. 

PROPERTIES: Table A-4, air (T f = 730 K): k = 0.055 W/m-K, a = 1.09 x 10" 4 m 2 /s, v = 7.62 x 10" 
5 m 2 /s, p = 0.001335 K" 1 , Pr = 0.702. 

ANALYSIS: (a) To obtain T s o and q", an energy balance must be performed at the outer surface of 
the shield. 

Insulation: ql ond = qc 0nv ,o + q r ad,o = l" 

k ( ^ s '°) = ho ( Tg q - T^ ) + s Q a (t s 4 g - T^,. ) 

Air Space: q" CO nv,i + q^ = qc 0 nv,o + q r ad,o = q' 

/ \ °"( T s,i ~ T s,o) , . / 4 4 \ 

h i ( T s,i " T s,o j + —\ 1 = h o ( T s,o - T oo J + e 0 er\T St0 - T sur j 

— + 1 

where Eq. 13.19 has been used to evaluate q^ a( j j and hi is given by Eq. 9.49 
^u" L =^ = 0.069RaL /3 Pr 0074 

(b) For the prescribed conditions (sj = s Q = 0.5), the following results were obtained. 
Insulation: The energy equation becomes 

0.09 W/m-K(900-T s _)k , . . „ , 4 / , 4 \ . 

'— ! — = 25 W/m K(T S -300) K + 0.5x5.67x10 W/m -K T -300 K 

0.025m " V L ' / 

Continued 
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PROBLEM 13.104 (Cont.) 

and a trial-and-error solution yields 

q" = 1920 W/m 2 
Air-Space: The energy equation becomes 



T s 0 = 366 K 



hi(900-T so )K + 



5.67x10 8 W/m 2 -K 4 (900 4 -T s 4 o jK 4 



= 25 W / m 2 • K (T s 0 - 300) K + 0.5 x 5.67 x 10 8 W / m 2 ■ K 4 |t 4 q - 300 4 j K 4 



where 



0.055 W/m-K _ 1/3 0 074 

h; = 0.069 Raj Pr u ' u/4 

0.025 m 



(1) 



and RaL = gP(T S;1 - T S 0 )L Axv. A trial-and-error solution, which includes reevaluation of the air 
properties, yields 



T s ,o=598 K 



q" = 10,849 W/m z 



rt 2 rr 2 

The inner and outer heat fluxes are qconv i = 867 W/m , q^ ac j j = 9982 W/m , q^onv o = 7452 
W/m 2 , and q mA o =3397 W/m 2 . 

(c) Entering the foregoing models into the IHT workspace, the following results were generated. 
Insulation: 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Emissivily, epso 



2000 
1600 
1200 
800 



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.! 
Emissivity, epso 

— •— q"cond 
* q"convo 
— q"rado 



Continued 
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PROBLEM 13.104 (Cont.) 



As expected, the outer surface temperature decreases with increasing s 0 - However, the reduction in 
T s o is not large since heat transfer from the outer surface is dominated by convection. 



E 




Emissivity, epsi = epso -m— q"rad,o 

In this case T Sj0 increases with increasing s 0 = 8; and the effect is significant. The effect is due to an 
increase in radiative transfer from the inner surface, with q^ ac j j = qc OIlv i = 1750 W / m 2 for e 0 = &i = 

0. 1 and q^ ac j j = 20, 100 W / m 2 » q^onv i = 523 W / m 2 for s G = &i = 0.9. With the increase in T s o , 
the total heat flux increases, along with the relative contribution of radiation (q^a o ) to neat transfer 
from the outer surface. 

COMMENTS: (1) With no insulation or radiation shield and s; = 0.5, radiative and convective heat 

2 

fluxes from the ceiling are 18,370 and 15,000 W/m , respectively. Hence, a significant reduction in 
the heat loss results from use of the insulation or the shield, although the insulation is clearly more 
effective. 

(2) Rayleigh numbers associated with free convection in the air space are well below the lower limit of 
applicability of Eq. (1). Hence, the correlation was used outside its designated range, and the error 

associated with evaluating h; may be large. 

(3) The IHT solver had difficulty achieving convergence in the first calculation performed for the 
radiation shield, since the energy balance involves two nonlinear terms due to radiation and one due to 

convection. To obtain a solution, a fixed value of RaL was prescribed for Eq. (1), while a second 

3 

value of RaL,2 - gP(T s ,i - T s Q )L lav was computed from the solution. The prescribed value of Raj^ 
was replaced by the value of RaL,2 and the calculations were repeated until RaL,2 = R^l- 
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PROBLEM 13.105 



KNOWN: Dimensions of a composite insulation consisting of honeycomb core sandwiched between 
solid slabs. 

FIND: Total thermal resistance. 

SCHEMATIC: Because of the repetitive nature of the honeycomb core, the cell sidewalls will be 
adiabatic. That is, there is no lateral heat transfer from cell to cell, and it suffices to consider the heat 
transfer across a single cell. 



Outer slab, k x 

Air space 
Side wall, k 

Tnner slab, 



T SiO --10°C 




T sJ =Z5°C 



\*W=10mm 




<- -g- -1mm 



Cell cross secHon A A 



ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Equivalent conditions for each 
cell, (3) Constant properties, (4) Diffuse, gray surface behavior. 

PROPERTIES: Table A-3, Particle board (low density): ki = 0.078 W/m-K; Particle board (high 
density): k 2 = 0.170 W/m-K; For both board materials, s = 0.85; Table A-4, Air (T * 7.5°C, 1 atm): 
v = 14.15 x 10" 6 m 2 /s, k = 0.0247 W/m-K, a = 19.9 x 10" 6 m 2 /s, Pr = 0.71, p = 3.57 x 10" 3 K" \ 

ANALYSIS: The total resistance of the composite is determined by conduction, convection and 
radiation processes occurring within the honeycomb and by conduction across the inner and outer 
slabs. The corresponding thermal circuit is shown. 



^corjd, ) 
7^ • •— ^vwwv 



Rconv.hc 



Rcond,hc 



he 



^■cond.o 
'www— *T S 0 



The total resistance of the composite and equivalent resistance for the honeycomb are 



R = R 



cond,i 



R 



eq 



R 



cond,o 



R 



-1 
eq 



R 



cond 



R 



-1 

conv 



R 



-1 

rad 



he 



The component resistances may be evaluated as follows. The inner and outer slabs are plane walls, for 
which the thermal resistance is given by Eq. 3.6. Hence, since Li = L3 and the slabs are constructed 
from low-density particle board. 



Rcond,i _ Rcond,o 



-1 



0.0125 m 



k,W 2 0.078 W/m-K(0.01 m) 1 



1603 K/W. 



Continued 
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PROBLEM 13.105 (Cont.) 

Similarly, applying Eq. 3.6 to the side walls of the cell 



v cond,hc 



L 2 L 2 



W 2 -(W-t) 2 



|2Wt-t 2 j 



0.050 m 



0.170 W/m-K 



2x0.01 mx 0.002 m- (0.002 m) 2 J 



8170 K/W. 



From Eq. 3.9 the convection resistance associated with the cellular airspace may be expressed as 
Rconv,hc=l/h(W-t) 2 . 

The cell forms an enclosure that may be classified as a horizontal cavity heated from below, and the 

3 

appropriate form of the Rayleigh number is RaL = g/?(T^ - T2 ) L2 / av. To evaluate this parameter, 
however, it is necessary to assume a value of the cell temperature difference. As a first approximation, 
T : - T 2 = 15°C - (-5°C) = 20°C, 



Ra L = 



9.8 m/s 2 (3.57xl0 3 K : )(20 K)(0.05 m) 3 
19.9xl0" 6 m 2 /sxl4.15xl0" 6 m 2 /s 



Applying Eq. 9.49 as a first approximation, it follows that 



(k/L 2 ) 



1/3 „ 0.074 



0.069Ra T Pr 



0.0247 W/m-K 



0.05 m 



= 3.11xl0 J 



0.069^3.1 lxl0 5 j (0.7l)° 



074 



2.25 W/m K. 



The convection resistance is then 



R 



= 6944 K/W. 



conv,hc - ? 7 

2.25 W/m -K(0.01 m- 0.002 m) z 

The resistance to heat transfer by radiation may be obtained by first noting that the cell forms a three- 
surface enclosure for which the sidewalls are reradiating. The net radiation heat transfer between the 

2 

end surfaces of the cell is then given by Eq. 13.25. With si = s 2 = s and A] = A 2 = (W - 1) , the 
equation reduces to 

qrad 



(W-t) 2 <x( Tl 4 -T 2 4 ) 



2 (1/ e - 1) + + [(Fr R + F2R ) / F^r ] _1 
However, with Fir = F 2 r = (1 - Fj 2 ), it follows that 

(W-t) 2 <x( Tl 4 -T 2 4 ) (W-t) 2 a( Tl 4 -T 2 4 ) 



qrad = " 



1 + 



(i-q 2 f 
2(1-112) 



+ - 



1 + % 



The view factor Fi 2 may be obtained from Fig. 13.4, where 
X _ Y _ W - 1 10 mm - 2 mm 
L 



■ = 0.16. 



L L 2 50 mm 

Hence, F12 ~ 0.01. Defining the radiation resistance as 
Tl-T 2 



Rrad,hc 
it follows that 



qrad 
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Rrad,hc ~~ 



PROBLEM 13.105 (Cont.) 

2(l/£-l) + 2/(l + %) 



(W-t) 2 < 7(T 1 2 +T 2 2 )(T 1+ T 2 ) 
where (t 4 - T 4 ) = (t x 2 + T 2 2 ) (T x + T 2 ) (T x - T 2 ) . Accordingly, 



R 



rad,hc ~~ 





2 


' 1 

V0.85 ; 


+ 2 " 

1 + 0.01 




(0.01 m- 0.002 m) 2 x 5.67x10 8 W/m 2 -K 4 


(288 K) 2 +(268 K) 2 


(288 + 268) K 



where, again, it is assumed that Ti = 15°C and T2 = -5°C. From the above expression, it follows that 

0.353 + 1.980 

Rrad,hc = T = 7471 K/W " 

3.123x10 

In summary the component resistances are 
R cond,i = R cond,o =1603 K/W 

Rcond,hc = 8170 K/W R con v,hc = 6944 K/W 

The equivalent resistance is then 

-1 



Rrad,hc =7471 K/W. 



f 1 1 1 ^ 

R„ = + + 



2498 K/W 



eq 1,8170 6944 7471 
and the total resistance is 

R = 1603 + 2498 + 1603 = 5704 K/W. < 

COMMENTS: (1) The solution is iterative, since values of Ti and T2 were assumed to calculate 

R con v,hc an d Rrad,hc- To check the validity of the assumed values, we first obtain the heat transfer rate 
q from the expression 

T sl -T s 2 25°C-(-10°C) _ 3 
q = _M = v ^ = 6.14x10 j W. 



R 



5704 K/W 



Hence 



Tj = T S)i -qR condi =25°C-6.14xlO ^Wxl603 K/W = 15.2°C 

T 2 = T s,o+q R cond,o =-10°C + 6.14xlO" 3 Wxl603 K/W = -0.2°C. 

Using these values of Ti and T2, R C onv,hc an d Rrad,hc should be recomputed and the process repeated 
until satisfactory agreement is obtained between the initial and computed values of Ti and T2. 

2 

(2) The resistance of a section of low density particle board 75 mm thick (L\ + L2 + L3) of area W is 
9615 K/W, which exceeds the total resistance of the composite by approximately 70%. Accordingly, 
use of the honeycomb structure offers no advantages as an insulating material. Its effectiveness as an 

insulator could be improved (R eq increased) by reducing the wall thickness t to increase R CO nd> 

evacuating the cell to increase R CO nv> and/or decreasing 8 to increase R ra d- A significant increase in 

Rrad,hc could be achieved by aluminizing the top and bottom surfaces of the cell. 
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PROBLEM 13.106 



KNOWN: Dimensions and surface conditions of a cylindrical thermos bottle filled with hot coffee 
and lying horizontally. 

FIND: Heat loss. 

SCHEMATIC: 

~q=7S°C 
S.Z-O.Z5, 7^=35°C 




X>2^0.0&m 



{Airspace (p=lafm), L = 0.005m 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from ends (long infinite 
cylinders), (3) Diffuse-gray surface behavior. 

PROPERTIES: Table A-4, Air (T f = (Ti + T 2 )/2 = 328 K, 1 atm): k = 0.0284 W/m-K, v = 23.74 x 
10" 6 m 2 /s, a = 26.6 x 10" 6 rn7s, Pr = 0.703, p = 3.05 x 10" 3 K \ 

ANALYSIS: The heat transfer across the air space is 

q = qrad +q C onv 
From Eq. 13.20 for concentric cylinders 

• (^DjL) (jy - T 4 ) 5.67 x 10" 8 W / m 2 • K 4 ;r (0.07 x 0.3) m 2 ^348 4 - 308 4 J K 4 



Irad 



1 l-s 2 

— + - 



q rad =3.20 W. 



f \ 



*2J 



4 + 3(0.035/0.04) 



The convection heat rate is given by Eqs. 9.58 through 9.60. The length scale is L c = 
2[ln(0.08/0.07) 4/3 /(0.035 m" 3/5 + 0.040 m - 3/5 ) 5/3 = 0.0016 m. The Rayleigh number is 

g/?(T,-T 2 )L 3 9.8m/s 2 (3.05xl0" 3 K 1 )(40K)(0.0016m) 3 
Ka„ — — 7 — ~ - c — ~ — 7.85 



va 



26.6 x l(T 6 m 2 / s x 23.74 x 1(T m 2 /s 



6 m 2 



From Eq. 9.59, 



k eff /k = 0.386 



Pr 



A l/4 f 

RaV 4 =0.386 



0.703 



N 1/4 



7.85 1/4 =0.529 



V 0.861 + Pr; ^0.861 + 0.703 y 

Since k eff /k is predicted to be less than unity, conduction occurs in the gap. From Eq. 3.27 

2;z-Lk(T -T ? ) 2^x0.3 mxO.0284 W/m-K(75-35)K 

qcond = T . = ; — = 16-04 W. 

00 M ln(r 2 / ri ) In (0.04/0.035) 

Hence the total heat loss is 

q = qrad + qcond = 19-24 W. < 

COMMENTS: (1) End effects could be considered in a more detailed analysis, (2) Conduction losses 
could be eliminated by evacuating the annulus. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.107 



KNOWN: Thickness and height of a vertical air space. Emissivity and temperature of adjoining 
surfaces. 

FIND: (a) Heat loss per unit area across the space, (b) Heat loss per unit area if space is filled with 
urethane foam. 



SCHEMATIC: 



T r -18 0 C 



#=3 



m 



i 




'Airspace ( p-la+m) or urethane foam 

£ 2 = £;> = a9 



ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse-gray surface behavior, (3) Air space is a 
vertical cavity, (4) Constant properties, (5) One-dimensional conduction across foam. 



PROPERTIES: Table A-4, Air (T f = 4°C, 1 atm): v = 13.84 x 10 m 7s, k = 0.0245 W/m-K, a = 
19.5 x 10" 6 m 2 /s, Pr = 0.71, p = 3.61 x 10" 3 K 1 ; Table A-3, Urethane foam: k = 0.026 W/m-K. 

ANALYSIS: (a) With the air space, heat loss is by radiation and free convection or conduction. 
From Eq. 13.19, 



^(Ti 4 -T 2 4 



With 



qrad 



Ra L = 



5.67x10 8 W/m 2 -K 4 (291 4 -263 4 



1.222 



1 = 110.7 W/ 



1/^+1/^2-1 

g ^( Tl _T 2 ) L 3 9.8 m 2 /s(3.61xl0" 3 K _1 J(l8 + 10)K(0.1 m) 3 



m 



va 



13.84x10 6 m 2 /sxl9.5xl0 6 m 2 /s 



= 3.67x10' 



and H/L = 30, Eq. 9.53 may be used as a first approximation to obtain 
Nu~ L =0.046RaL /3 = 0.046^3.67 xlO 6 )^ =7.10 

- k — 0.0245 W/m-K 2 

h = -Nu T = 7.10 = 1.74 W/m -K 

L 0.1 m 

The convection heat flux is 

qconv =h(T 1 -T 2 ) = 1.74 W/m 2 -K(18 + 10)K = 48.7 W/m 2 . 
The heat loss is then 

q" = qrad + qconv =110.7 + 48.7 =159 W/m 2 . 

(b) With the foam, heat loss is by conduction and 

„ „ k 0.026 W/m-K ( ^ v 2 ^ 

q =q C ond =7( T 1- T 2j = — ; (18 + 10)K = 7.3 W/m . < 

L 0.1 m 

COMMENTS: Use of the foam insulation reduces the heat loss considerably. Note the significant 
effect of radiation. 
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PROBLEM 13.108 



KNOWN: Temperatures and emissivity of window panes and critical Rayleigh number for onset of 
convection in air space. 

FIND: (a) The conduction heat flux across the air gap for the optimal spacing, (b) The total heat flux 
for uncoated panes, (c) The total heat flux if one or both of the panes has a low-emissivity coating. 

SCHEMATIC: 

Eg = 0.90 or £ n = 0.10 




T-i = 22°C 



Pcond 



Prad 



T 2 = -20°C 
Lop 



ASSUMPTIONS: (1) Critical Rayleigh number is Ra L , c = 2000, (2) Constant properties, (3) 
Radiation exchange between large (infinite), parallel, diffuse-gray surfaces. 



PROPERTIES: Table A-4, air [T = (Tr + T 2 )/2 = 1°C = 274 K]: v= 13.6 x 10 m 7s, k = 0.0242 
W/m-K, a = 19.1 x 10" 6 mis, /?= 0.00365 K \ 

ANALYSIS: (a) With Ra L c = g y#(Ti -T 2 )Lo p lav 



-op 



«vRa L)C 

gy5(Ti-T 2 ) 



1/3 



19.1xl3.6xl0~ 12 m 4 /s 2 x2000 
9.8m/s 2 (o.00365 K _1 U2°C 



1/3 



: 0.0070m 



The conduction heat flux is then 

qcond = k ( T l- T 2)/ L op =0.0242W/m-K(42°C)/0.0070m = 145.2 W/m : 
(b) For conventional glass (eg = 0.90), Eq. (13.19) yields, 



qrad 



a I T 4 - T 4 | 5.67 x 10" 8 W / m 2 ■ K 4 ( 295 4 - 253 4 | K 4 



1.222 



= 161.3 W/m' 



and the total heat flux is 

qi'ot = qcond + Qrad =306.5 W/m : 
(c) With only one surface coated, 



5.67 x 10~ 8 W / m 2 • K 4 1 295 4 - 253 4 



qrad = 



1 . + J_i 



19.5 W/m z 



0.90 0.10 



Continued 
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PROBLEM 13.108 (Cont.) 



q[ ot =164.7 W/m 2 



< 



With both surfaces coated, 



5.67 x 10" 8 W / m 2 • K 4 f 295 4 - 253 4 





= 10.4 W/m 2 



qi' ot =155.6 W/m 2 



< 



COMMENTS: Without any coating, radiation makes a large contribution (53%) to the total heat loss. 
With one coated pane, there is a significant reduction (46%) in the total heat loss. However, the 
benefit of coating both panes is marginal, with only an additional 3% reduction in the total heat loss. 
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PROBLEM 13.109 

KNOWN: Dimensions and emissivity of double pane window. Thickness of air gap. Temperatures 
of room and ambient air and the related surroundings. 

FIND: (a) Temperatures of glass panes and rate of heat transfer through window, (b) Heat rate if gap 
is evacuated. Heat rate if special coating is applied to window. 



SCHEMATIC: 




= 20°C 



"l"s,ii £g 01* 



Too,i = 20°C 




T sur,o — 20°C 




's,oj £g OP 8 C 



H = 1 m 



W = 1 m 
L = 0.025 m 



Ambient air 

T m , 0 = -20°C 



ASSUMPTIONS: (1) Steady-state, (2) Negligible glass pane thermal resistance, (3) Constant 
properties, (4) Diffuse-gray surface behavior, (5) Radiation exchange between interior window 
surfaces may be approximated as exchange between infinite parallel plates, (6) Interior and exterior 
surroundings are very large. 

PROPERTIES: Table A-4, Air (p = 1 atm). Obtained from using IHT to solve for conditions of Part 
(a): T f>i = 287.4 K: v x = 14.8 x 10" 6 m 2 /s, lq = 0.0253 W/m-K, oj = 20.8 x 10" 6 m 2 /s, Pr t = 0.71, A = 
0.00348 K \ T = (T s4 + T s>0 )/2 = 273.7 K: v= 13.6 x 10" 6 m 2 /s, k = 0.0242 W/m-K, a = 19.0 x 10" 
6 m 2 /s, Pr = 0.71, fi= 0.00365 K \ T fj0 = 259.3 K: v 0 = 12.3 x 10" 6 m 2 /s, k 0 = 0.023 W/m-K, a 0 = 
17.1 x 10" 6 m 2 /s, Pr 0 = 0.72, p 0 = 0.00386 K" \ 

ANALYSIS: (a) The heat flux through the window may be expressed as 
q" = qrad,i + q C onv,i =^gff ( T s 4 U r,i ~ T s 4 i ) + **i ( T °°,i ~ T s,i ) 



(1) 



q — qrad,gap + qconv,gap 



s,i 



l s,o 



1 1 

— + — 



+ ^gap i^-s,i ^s,o) 



q _ qrad,o + qconv,o _ ^g a |Ts,o ^sur^ j + ^o (^s,o Tqo,o ) 



(2) 



(3) 



where radiation exchange between the window panes is determined from Eq. (13.19. The inner and 
outer convection coefficients, hj and h 0 , are determined from Eq. (9.26), and hg a p is obtained from 
Eq. (9.52). 

The foregoing equations may be solved for the three unknowns (q", T s x , T s 0 j . Using the IHT 
software to effect the solution, we obtain 

T s>i =281.8 K = 8.8°C < 



Continued 
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PROBLEM 13.109 (Cont.) 



T s o =265.6 K = -7.4°C < 

q = 91.3W < 
(b) If the air space is evacuated ^hg = oj , we obtain 

T s i =283.6 K = 10.6°C < 

T s o =263.8 K = 9.2°C < 

q = 75.5W < 
If the space is not evacuated but the coating is applied to inner surfaces of the window panes, 

T s?i =285.9 K = 12.9°C < 

T s o =261.3 K = -11. 7°C < 

q = 55.9W < 
If the space is evacuated and the coating is applied, 

T s i =291.7 K = 18.7°C < 
T s o =254.7 K = -18.3°C < 

q = 9.0W < 

COMMENTS: (1) For the conditions of part (a), the convection and radiation heat fluxes are 
comparable at the inner and outer surfaces of the window, but because of the comparatively small 
convection coefficient, the radiation flux is approximately twice the convection flux across the air gap. 
(2) As the resistance across the air gap is progressively increased (evacuated, coated, evacuated and 
coated), the temperatures of the inner and outer panes increase and decrease, respectively, and the heat 
loss decreases. (3) Clearly, there are significant energy savings associated with evacuation of the gap 
and application of the coating. (4) In all cases, solutions were obtained using the temperature- 
dependent properties of air provided by the software. The property values listed in the 
PROPERTIES section of this solution pertain to the conditions of part (a). 
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PROBLEM 13.110 



KNOWN: Absorber and cover plate temperatures and spectral absorptivities for a flat plate solar 
collector. Collector orientation and solar flux. 



FIND: (a) Rate of solar radiation absorption per unit area, (b) Heat loss per unit area 
SCHEMATIC: 



Coven plate t 

T c = ^OOK 




L-O.OZm 



jf— Absorber plate, 



7^=343/C 



0 

0.9 

0.2 
O 



Cover 
— >A(jim) 



Absorber 
^Mjtm) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Adiabatic sides and bottom, (3) Cover is 
transparent to solar radiation, (4) Sun emits as a blackbody at 5800 K, (5) Cover and absorber plates 
are diffuse-gray to long wave radiation, (6) Negligible end effects, (7) L « width and length. 

PROPERTIES: Table A-4, Air (T = T a + T c )/2 = 321.5 K, 1 atm): v = 18.05 x 10" 6 rn7s, k = 0.0279 
W/m-K, a = 25.7 x 10" 6 rn7s. 

ANALYSIS: (a) The absorbed solar irradiation is 
G S,abs = «S,a G S 

where 

G s = q ;'cos 30° = 900x0.866 = 779.4 W/m 2 

rVaG^sdl [VaE^ (5800 K)dA 
a _ •'o _ •'o 

' a G s " E b (5800 K) 

a S,a = °vl,a,l F (0^2 /urn) + «U2 F (2^oo)- 

For XT = 2 Lim x 5800 K = 11,600 Lim-K from Table 12.1, F (0 ->2Vr) = 0.941, find 
«S,a = °- 9 x °- 941 + 0.2 x (l - 0.941) = 0.859. 

Hence 

G S,abs =0.859x779.4 = 669 W/m 2 . < 
(b) The heat loss per unit area from the collector is 

lloss _ Iconv + Irad • 
The convection heat flux is 
qconv =h(T a -T c ) 



Continued 
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PROBLEM 13.110 (Cont.) 



and with 



Ra L = 



g/?(T a -T c )L 3 



av 



9.8 m/s 2 x(321.5 K) 1 (343-300) K( 0.02 m) 3 
Ra L = ^ — LA l—L L = 22,604 

18.05x10 O m z /sx25.7xl0 °m 2 /s 
find from Eq. 9.54 with 

H/L>12, t<t* , cos r = 0.5, Ra L cos r = 11,302 

3 o\l-6 , , -„,-, J/3 



Nu L =1 + 1.44 



1- 



1708 
11,302 



i 1708 (sin 108°) 
11,302 



11,302 
5830 J 



* 2.30* ft ° 279 W/m - K =3.21W/m 2 .K. 
L L 0.02 m 

Hence, the convective heat flux is 

qc 0nv =3.21 W/m 2 • K (343- 300) K = 138.0 W/m 2 . 

The radiative exchange can be determined from Eq. 13.19 treating the cover and absorber plates as a 
two-surface enclosure, 



qrad 



-(t, 4 -t c 4 ) 



l/£- a +l/£ c -l 



5.67x10 8 W/m 2 -K 4 



(343 K) 4 -(300 K) A 



1/0.2 + 1/0.75-1 



Qrad =61-1 W/m 2 . 
Hence, the total heat loss per unit area from the collector 

qioss = (138.0 + 61.1) = 199 W/m 2 . < 

COMMENTS: (1) Non-solar components of radiation transfer are concentrated at long wavelength 
for which a a = s a = 0.2 and a c = s c = 0.75. 

(2) The collector efficiency is 

669.3-199.1 



669.3 



-xl00 = 70%. 



This value is uncharacteristically high due to specification of nearly optimum a a (^) for absorber. 
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PROBLEM 13.111 

KNOWN: Diameters and temperatures of a heated tube and a radiation shield. 

FIND: (a) Total heat loss per unit length of tube, (b) Effect of shield diameter on heat rate. 

SCHEMATIC: 



Air gap 




Shield 

D 0 = 0.12 m,T 0 =35°C,8 0 = 0.1 



Tube 

D: = 0.10 m, Ti=120°C, & = 0.8 



ASSUMPTIONS: (1) Opaque, diffuse-gray surfaces, (2) Negligible end effects. 

PROPERTIES: Table A-4, Air (T f = 77.5°C * 350 K): k = 0.030 W/m-K, Pr = 0.70, v= 20.92 x 10" 
m 2 /s, a= 29.9 x 10" 6 m 2 /s, fi= 0.00286 K \ 

ANALYSIS: (a) Heat loss from the tube is by radiation and free convection 
1 = Irad + Qconv 



From Eq. (13.20) q rad * '- 



v r o; 



or 



5 .67 x 10" 8 ^ , (n x 0. lm) ( 393 4 - 308 4 ) K 4 
qiad = -'-K^ , \ '— = 30.2 * 

Had , nn/ a()5 m 



09 
0.8 + 0.1 



0.06 



The convection heat rate is given by Eqs. 9.58 through 9.60. The length scale is L c = 
2[ln(0.12/0.10)] 4/3 /(0.05 m 3/5 + 0.05 m 3/5 ) 5/3 = 0.0036 m. The Rayleigh number is Ra c = g(3(Ti - 
T 0 )L c 3 /va = 9.8 m/s 2 (0.00286 K ')(120 - 35) K (0.0036 m) 3 /(20.92 x 10" 6 m 2 /s x 29.9 x 10" 6 m 2 /s) = 
171.6. Also, k eff /k = 0.386x[0.700/(0.861 + 0.700)] 1/4 (171.6) 1/4 = 1.14. Therefore, keff = 1.14 x 0.030 
W/m-K = 0.0343 W/m-K. FromEq. 9.58, 

. 2^k eff (T, - T o ) _ 2 x ^ x Q.Q343W / m • K x (1 20 - 35) K _ 1 Q0 5 w ; m 
conv ln(D ; /D o ) ln(0.12/0.10) 

x W W 
q' = (30.2 + 100.5)— = 130.7 — 
m m 



Continued. 
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PROBLEM 13.111 (Cont.) 



(b) As shown below, both convection and radiation, and hence the total heat rate, increase with 
increasing shield diameter. In the limit as D 0 — > oo, the radiation rate approaches that corresponding to 
net transfer between a small surface and large surroundings at T 0 . The rate is independent of s. 



200 




0 -| — I — I — I — I — | — I — I — I — I — | — I — I — I — I — 
0.1 0.15 0.2 0.25 

Shield diameter, Do(m) 



— •— Radiation heat rate (W/m) 
—*— Convection heat rate (W/m) 
—a— Total heat rate (W/m) 

COMMENTS: Designation of a shield temperature is arbitrary. The temperature depends on the 
nature of the environment external to the shield. 
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PROBLEM 13.112 

KNOWN: Diameters of heated tube and radiation shield. Tube surface temperature and temperature 
of ambient air and surroundings. 

FIND: Temperature of radiation shield and heat loss per unit length of tube. 
SCHEMATIC: 




Shield 

D 0 = 0.12 m, T 0 , s 0 = 0.1 



Air gap 
Tube 

D: = 0.10 m, T= 120°C, Si = 0.8 



ASSUMPTIONS: (1) Opaque, diffuse-gray surfaces, (2) Negligible end effects, (3) Large 
surroundings, (4) Quiescent air, (5) Steady-state. 

PROPERTIES: Determined from use of IHT software for iterative solution. Air, (Tj + T G )/2 = 362.7 
K: Ki = 2.23 x 10" 5 m 2 /s, k x = 0.031 W/m-K, a\ = 3.20 x 10" 5 m 2 /s, $ = 0.00276 K"\ Pri = 0.698. Air, 
T f = 312.7 K: v 0 = 1.72 x 10" 5 m 2 /s, k G = 0.027 W/m-K, a Q = 2.44 x 10" 5 inVs, p Q = 0.0032 K~\ Pr 0 = 
0.705. 

ANALYSIS: From an energy balance on the radiation shield, qj — q G or q rac j j + qconv i 

= ^rad o + ^conv o- Evaluating the inner and outer radiation rates from Eqs. (13.25) and (13.27), 

respectively, and the convection heat rate in the air gap from Eq. (9.58), 



^Di(T^-T^) [ 2?rkeff(T ._ To) 



1 1 

— + — 



Di 



?n(Do/Di) 



= CT7rD 0 s 0 \To 



"^sur 

| + ^D o h o (T o -T 00 ) 



The convection heat rate is given by Eqs. 9.58 through 9.60. The length scale is L c = 
2[ln(0.12/0.10)] 4/3 /(0.05 m 3/5 + 0.05 m 3/5 ) 5/3 = 0.0036 m. The Rayleigh number is Ra c = gftfTi - 
T 0 )L c 3 /v iai = 9.8 m/s 2 (0.00276 K _1 )(120 - T 0 ) K (0.0036 m) 3 /(22.3 x 10" 6 m 2 /s x 32.0 x 10" 6 m 2 /s). 
Also, k eff /k = 0.386 x k ; x[Pr;/(0.861 + Pr,)] 1/4 (Ra c ) 1/4 =1.14. From Eq. (9.34), the convection 
coefficient on the outer surface of the shield is 



0.60 + ■ 



0.387 Ra^ /6 



1 + (0.559 /Pr Q ) 



9/16 



8/27 



The solution to the energy balance is obtained using the IHT software, and the result is 



T 0 =332.5 K = 59.5°C 



The corresponding value of the heat loss is 
q- =88.7 W/m 



< 

Continued... 
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PROBLEM 13.112 (Cont.) 



COMMENTS: (1) The radiation and convection heat rates are q' iad j =23.7 W/m, q rado =10.4 W/m, 

Iconv i = 65.0 W/m, and qc 0nv 0 = 78.3 W/m. Convection is clearly the dominant mode of heat transfer. 

(2) With a value of T 0 = 59.5°C > 35°C, the heat loss is reduced (88.7 W/m compared to 130.7 W/m if the 
shield is at 35°C). 
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PROBLEM 13.113 



KNOWN: Dimensions and inclination angle of a flat-plate solar collector. Absorber and cover plate 
temperatures and emissivities. 

FIND: (a) Rate of heat transfer by free convection and radiation, (b) Effect of the absorber plate 
temperature on the heat rates. 

SCHEMATIC: 



W = H= 2m 



T 2 = 30 °C 
e 2 = 0.92 




L = 0.03 



= 70 °C 
e 1 = 0.96 



T= 60° 



ASSUMPTIONS: (1) Diffuse-gray, opaque surface behavior. 



PROPERTIES: TableA-4, air (T = (Tj +T 2 )/2 = 323 K): v= 18.2 x 10" 6 m 2 /s, k = 0.028 W/m-K, 
a = 25.9 x 10" 6 m 2 /s, Pr = 0.704, p = 0.0031 K" 1 . 

ANALYSIS: (a) The convection heat rate is 

qconv =hA(T 1 -T 2 ) 

2 — 
where A = wH=4 m and, with H/L > 12 and t < t* = 70 deg, h is given by Eq. 9.54. With a 

Rayleigh number of 

p ■■ ■ . i w a m i < i 1 1 mi <i i is. f i ai j~i 1 1 1 1 u <i m 



*6(T -T )L 3 9.8m/s 2 (o.0031 K 1 ](40°C)(0.03m) 3 
Ra L =^1A U — = L__ / _ = 69,600 



av 



25.9x10 6 m 2 /sxl8.2xl0 6 m 2 /s 



Nu L =1 + 1.44 



1708 



' 1708(0.923) 
0.5(69,600) 



+ 



0.5x69,600 
5830 



xl/3 



0.5(69,600) 
Nu L = 1 + 1.44[0.95l] [0.955] + 0.814 = 3.12 

h = (k/L)Nu L =(0.028 W/m- K/0.03m)3.12 = 2.91 W/m 2 -K 

q conv =2.91 W/m 2 -K(4 m 2 J(70-30)°C = 466 W 

The net rate of radiation exchange is given by Eq. 13.19. 

Ao-^-T^) (4 m 2 )5.67xl0" 8 W/m 2 -K 4 (343 4 -303 4 jK Z 



q = 



£ 1 e 2 



-L + -L-i 

0.96 0.92 



= 1088 W 



(b) The effect of the absorber plate temperature was determined by entering Eq. 9.54 into the IHT 
workspace and using the Properties and Radiation Toolpads. 
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PROBLEM 13.113 (Cont.) 



3200 




0 -\ 1 1 1 1 

50 60 70 80 90 100 



Absorber plate temperature, T1 (C) 

— • — qconv + qrad 
— * — qconv 
— ■ — qrad 

4 

As expected, the convection and radiation losses increase with increasing Ti, with the T dependence 
providing a more pronounced increase for the radiation. 

COMMENTS: To minimize heat losses, it is obviously desirable to operate the absorber plate at the 
lowest possible temperature. However, requirements for the outlet temperature of the working fluid 
may dictate operation at a low flow rate and hence an elevated plate temperature. 
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PROBLEM 13.114 



KNOWN: Disk heated by an electric furnace on its lower surface and exposed to an environment on 
its upper surface. 

FIND: (a) Net heat transfer to (or from) the disk q ne t,d when = 400 K and (b) Compute and plot 

qnet,d as a function of disk temperature for the range 300 < < 500 K; determine steady-state 
temperature of the disk. 

SCHEMATIC: 




L = 200 mm f S *<2) 



I— D = 400 mm— J 



ASSUMPTIONS: (1) Steady-state conditions, (2) Disk is isothermal; negligible thermal resistance, 
(3) Surroundings are isothermal and large compared to the disk, (4) Non-black surfaces are gray- 
diffuse, (5) Furnace-disk forms a 3-surface enclosure, (6) Negligible convection in furnace, (7) 
Ambient air is quiescent. 

PROPERTIES: Table A-4, Air (T f = (T d + = 350 K,l atm): v = 20.92 x 10" 6 m 2 /s, k = 0.30 
W/m-K, a = 29.9 x 10" 6 m 2 /s. 

ANALYSIS: (a) Perform an energy balance on the disk identifying: q ra( j as the net radiation exchange 

between the disk and surroundings; q conv as the convection heat transfer; and q3 as the net radiation 
leaving the disk within the 3-surface enclosure. 

qnet,d = Ej n - E out = -q ra d - q CO nv ~ 13 
Radiation exchange with surroundings: The rate equation is of the form 

qrad = f d,2 A d°"( T d - T sur) 

qrad =0.8(W4)(0.400m) 2 5.67xl0" 8 W/m 2 -K 4 (400 4 -300 4 )K 4 =99.8 W. 

Free convection: The rate equation is of the form 

qconv = hA d( T d- T oo) 
where h can be estimated by an appropriate convection correlation. Find first, 



(1) 
(2) 



(3) 



RaL = g/?ATL / va (4) 
Ra L =9.8m/s 2 (1/350 K) (400 -300)K (0.400 m / 4) 3 / 20.92 x 10" 6 m/s 2 x 29.9 x 10" 6 m 2 /s 



Ra L =4.476x10'- 
A c , 

the appropriate correlation, 



4 7 

where L = A c /P = D/4. For the upper surface of a heated plate for which 10 < RaL < 10 , Eq. 9.30 is 
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PROBLEM 13.114 (Cont.) 



Nu L = hL/k = 0.54RaL 4 



(5) 



/ a\ 1/4 

h = 0.030 W / m • K / (0.400 m / 4) x 0.54 4.476 x 10° = 7.45 W / 
Hence, from Eq. (3), 

q conv =7.45W/m 2 -K(;r/4)(0.400m) 2 (400-300)K = 93.6 W. 
Furnace-disk enclosure: From Eq. 13.14, the net radiation leaving the disk is 



2 v 
m • K 



43 = 



(A3F31)" 1 (A 3 F 32 )- 



(6) 



The view factor F32 can be evaluated from the coaxial parallel disks relation of Table 13.1 or from 
Fig. 13.5. 

Ri =r i /L = 200 mm/200 mm = 1, 

Rj^/L^l, 



S = l + (l + R 2 )/R 2 = l + (l + l 2 )l 2 =3 



131=1/2 S- 



S 2 -4(r J /qf 



1/2 



= 1/2^3- 



3 2 -4(l) : 



1/2 



= 0.382. 



(7) 



From summation rule, F32 = 1 - F33 - F31 = 0.618 with F33 = 0. Since surfaces A2 and A3 are black, 

h = E b2 = °" T 2 =o-(500 K) 4 =3544 W/m 2 

J 3 =E b3 = C7T 4 =cj (400 K) 4 =1452 W/m 2 . 
To determine Jj, use Eq. 13.15, the radiation balance equation for Aj, noting that F12 = F32 and F13 = 
F31. 



l bl _J 1 



J1-J2 



J, 



(1-,0/qAj (AjIi2) -l (AlIi3) -l 
3544 -Jj Jj-3544 Jj-1452 



Jj =3226 W/m^ 



(8) 



(l-0.6)/0.6 (0.618)" 1 (0.382)" 1 
Substituting numerical values in Eq. (6), find 

q 3 =(^/4)(0.400m) 2 0.382(1452 - 3226) W / m 2 +0.618(l452-3544)W/m 2 ] = -248 W. 

Returning to the overall energy balance, Eq. (1), the net heat transfer to the disk is 

q net d =-99.8 W-93.6W-(-248W) = +54.6 W < 
That is, there is a net heat transfer rate into the disk. 

(b) Using the energy balance, Eq. (1), and the rate equation, Eqs. (2) and (3) with the IHT Radiation 
Tool, Radiation, Exchange Analysis, Radiation surface energy balances and the Correlation Tool, 

Free Convection, Horizontal Plate (Hot surface up), the analysis was performed to obtain q net ,d as a 

function of Tj. The results are plotted below. 

The steady-state condition occurs when q ne t,d = 0 f° r which 

T d = 413 K < 

Continued 
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60 -, 1 1 , , 1 , 




-40 -| 1 1 1 1 1 1 1 

300 350 400 450 500 

Disk temperature, Td (K) 



COMMENTS: The IHT workspace for the foregoing analysis is shown below. 

// Radiation Tool - Three Surface Enclosure, Furnace Disk Enclosure: 

/* The net heat rate leaving A1 in terms of the surface resistance is */ 
q1 =(Eb1 -J1)/{(1 -eps1)/(eps1 *A1)) //Eq 13.13 

/* The net heat rate leaving A1 in terms of the net exchanges between enclosure surfaces is */ 
q1 =q12 + q13 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.14 and 13.16 */ 
q12 = (J1 - J2)/(1 /(A1 * F12)) 
q13 = (J1 - J3)/(1 /(A1 * F13)) 

/* The net heat rate leaving A2 in terms of the surface resistance is */ 
q2 = (Eb2 - J2) / ((1 - eps2) / (eps2 * A2)) // Eq 13.13 

/* The net heat rate leaving A2 in terms of the net exchanges between enclosure surfaces is */ 
q2 = q21 + q23 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.14 and 13.16 7 
q21 =(J2-J1)/(1 /(A2*F21)) 
q23 = (J2 - J3) / (1 / (A2 * F23)) 

/* The net heat rate leaving A3 in terms of the surface resistance is */ 
q3 = (Eb3 - J3) / ((1 - eps3) / (eps3 * A3)) // Eq 1 3.1 3 

/* The net heat rate leaving A3 in terms of the net exchanges between enclosure surfaces is */ 
q3 = q31 + q32 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.14 and 13.16 */ 
q31 =(J3-J1)/(1/(A3*F31)) 
q32 = (J3 - J2) / (1 / (A3 * F32)) 



// Emissive Powers: 

Eb1 = sigma * T1M 
Eb2 = sigma * T2M 
Eb3 = sigma * T3M 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2.KM 



// Radiation Tool - View Factor: 

/* The view factor, F1 2, for coaxial parallel disks, is */ 
F13 = 0.5 * (S - sqrt(S A 2 - 4*(r3 / rt)*2)) 
// where 
R1 = r1 / L 
R3 = r3 / L 

S = 1 +(1 +R3 A 2)/R1 A 2 

// See Table 13.2 for schematic of this three-dimensional geometry. 

// Other View Factors and Areas Required: 

F12 = 1 - F13 // Summation rule, A1 

F2 1 = A1 * F1 2 / A2 // Reciprocity rule 

F23 = F21 // Symmetry condition 

F31 = F13 // Symmetry condition 

F32 = F1 2 // Symmetry condition 

A1 = pi * r1 A 2 // Surface area, m A 2 

A2 = pi * r1 * L // Surface area, m*2 

A3 = pi * r3 A 2 // Surface area, m A 2 

// Overall plate energy balance, Eqs (1,2,3): 
qnet = - qrad - qcv - q3 
qrad = eps32 * A3 * sigma * (T3M - TsurM) 
qcv = hLbar * A3 * (T3 - Tinf) 
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// Convection Tool - Free Convection, Flat Plate: 

// Hot Surface Up (HSU) or Cold Surface Down (CSD) 
NuLbar3 = NuL_bar_FC_HP_HSU(RaL3) // Eq 9.30 or 31 
NuLbar3 = hLbar * L3 / k3 

RaL3 = g * beta3 * deltaT3 * L3*3 / (nu3 * alpha3) //Eq 9.25 
deltaT3 = abs(T3 - Tinf) 

g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tf 1 . 
Tf = Tfluid_avg(Tinf,T3) 

// The characteristic length, surface area and perimeter are 
L3 = As3 / P3 // Eq 9.29 

As3 =pi * r3 A 2 
P3 = pi * r3 

// Properties Tool - Air 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 

nu3 = nu_T("Air",Tf) // Kinematic viscosity, m A 2/s 
k3 = k_T("Air",Tf) // Thermal conductivity, W/m-K 

alpha3 = alpha_T("Air",Tf) // Thermal diffusivity, m A 2/s 
Pr3 = Pr_T("Air",Tf) // Prandtl number 

beta3 = 1/Tf // Volumetric coefficient of expansion, K A (-1); ideal gas 



// Assigned Variables 




r1 = 0.2 


// Radius, m 


r3 = 0.2 


// Radius, m 


L = 0.2 


// Separation distance, m 


T1 = 500 


// Temperature, K 


eps1 = 0.6 


// Emissivity 


T2 = 500 


// Temperature, K 


eps2 = 0.999 


// Emissivity; avoiding 'division by zero error 


T3 = 400 


// Temperature, K 


eps32 = 0.8 


// Emissivity; upper surface 


eps3 = 0.999 


// Emissivity; lower surface, enclosure side 


Tinf = 300 


// Ambient air temperature, K 


Tsur = 300 


// Surroundings temperature, K 
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PROBLEM 13.115 



KNOWN: Radiation shield facing hot wall at T w = 400 K is backed by an insulating material of 
known thermal conductivity and thickness which is exposed to ambient air and surroundings at 300 K. 

FIND: (a) Heat loss per unit area from the hot wall, (b) Radiosity of the shield, and (c) Perform a 
parameter sensitivity analysis on the insulation system considering effects of shield reflectivity p s , 
insulation thermal conductivity k, overall coefficient h, on the heat loss from the hot wall. 

SCHEMATIC- 




L = 25 mm 



7^ = 400 K 



Shield, 

T s , p s = 0.95 




Insulation material, 
k= 0.016 W/m K 

-35? 



T sur =300K ^p 



T^= 300 K 

h = 1 0 W/m 2 • K 



ASSUMPTIONS: (1) Wall is black surface of uniform temperature, (2) Shield and wall behave as 

parallel infinite plates, (3) Negligible convection in region between shield and wall, (4) Shield is 

2 

diffuse-gray and very thin, (5) Prescribed coefficient h = 10 W/m -K is for convection and radiation. 
ANALYSIS: (a) Perform an energy balance on the shield to obtain 
Iw-s ~~ Icond 

But the insulating material and the convection process at the exposed surface can be represented by a 
thermal circuit. 



:•<: > '<■'<■•. 

r? •*? ■*? •*? *? • 
'k f.-z '< 



^ w-s L/lc 

In equation form, using Eq.13.19 for the wall and shield, 



1/A? 



Iw-s _ 



cr T w -T„ 



l/f w +l/f s 



cj(400 4 -T s 4 J 
1 + 1/0.05-1 (0.025/0.016 + l/10)m 2 -K/W 



T -T 

L S ^00 

L/k + l/h 
(T s -300)K 



(1,2) 



T s = 350 K. 
where s s = 1 - p s . Hence, 



(350- 300) K 



iw-s 



(0.025/0.016 + l/10)m 2 -K/W 



: 30 W/m z 



(b) Using the Eqs. (1) and (2) in the IHT workspace, q^-s can be computed and plotted for selected 
ranges of the insulation system variables, p s , k, and h. Intuitively we know that q^-s wn l decrease 
with increasing p s , decreasing k and decreasing h. We chose to generate the following family of 
curves plotting q^_ s vs. k for selected values of p s and h. 
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0.005 0.01 0.01 S 0.02 



Thermal conductivity, k (W/m.K) 



Base case: mas = 0.9S, h = 10W/m"2.K 

— e — rhos = 0.98 
— • — rhos = 0.90 
— A — h = 5 W/m*2.K 
— * — h = 15 W/nV^.K 



Considering the base condition with variable k, reducing k by a factor of 3, the heat loss is reduced by 

2 

a factor of 2. The effect of changing h (4 to 24 W/m -K) has little influence on the heat loss. 

However, the effect of shield reflectivity change is very significant. With p s = 0.98, probably the 
upper limit of a practical reflector-type shield, the heat loss is reduced by a factor of two. To improve 
the performance of the insulation system, it is most advantageous to increase p s and decrease k. 
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PROBLEM 13.116 



KNOWN: Diameter and surface temperature of a fire tube. Gas low rate and temperature. 
Emissivity of tube and partition. 

FIND: (a) Heat transfer per unit tube length, q', without the partition, (b) Partition temperature, T p , 
and heat rate with the partition, (c) Effect of flow rate and emissivity on q' and T p . Effect of 
emissivity on radiative and convective contributions to q'. 



SCHEMATIC: 



T m , g = 900 K 



m g = 0.02, 0.05, 0.08 kg/s 



D= 0.07 m 




T s = 385 K 
0.1 ^ e s ^1.0 



Partition, T p , E p = s s 



ASSUMPTIONS: (1) Fully-developed flow in duct, (2) Diffuse/gray surface behavior, (3) Negligible 
gas radiation. 

PROPERTIES: Table A-4, air (T m , g = 900 K): li = 398 x 10" ? N-s/m 2 k = 0.062 W/m-K, Pr = 0.72; 
air (T s = 385 K): li = 224 x 10" 7 N-s/m 2 . 

ANALYSIS: (a) Without the partition, heat transfer to the tube wall is only by convection. With rhg 

= 0.05 kg/s and Re D = 4 ihg /ttDju = 4(0.05 kg/s)/^(0.07 m)398xlO~ 7 N-s/m 2 = 22,850, the 
flow is turbulent. From Eq. (8.61), 



Nu D =0.027 ReD /5 Pr 1/3 (///// s ) ulif =0.027(22, 850f 70 (0.72) 1/J (398/224)^^ =80.5 



\0.14 



4/5, 



\l/3, 



\0.14 



k 0.062 W/m-K ? 

h = — Nu D = 80.5 = 71.3 W/m-K 

D 0.07 m 



q' = h^-D(T mg -T s ) = 71.3W/m 2 -K(^)0.07 m(900 - 385) = 8075 W/m < 

(b) The temperature of the partition is determined from an energy balance which equates net radiation 
exchange with the tube wall to convection from the gas. Hence, q'^ = qconv wnere from Eq. 13.18, 



qrad = 7T 



*p 1 

— + + 



l ps 



l~g S A P 
£ s A s 



where F12 = 1 and A p /A s = D/(tiD/2) = 2/n = 0.637. The flow is now in a noncircular duct for which 
D h = 4A C /P = 4(7rD 2 /8)/(7tD/2+D) = 7rD/(rt + 2) = 0.611 D = 0.0428 m and m 1/2 = m g 12 = 0.025 

kg/s. Hence, Re D = rh 1/2 D h /A c Li = rh 1/2 D h /(7rD 2 /8)Li = 8(0.025 kg/s) (0.0428 m)/jt(0.07 m) 2 398 x 
10" 7 N-s/m 2 = 13,970 and 



Nu D =0.027(l3,970) 4/5 (0.72) 1/J (398/224) ai4 =54.3 
h 



\l/3, 



\0.14 



D 



k 0.062 W/m-K 7 
Nu D = 54.3 = 78.7 W/m -K 



0.0428 m 
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Hence, with s s = s p = 0.5 and qc OIW = h (T mg - T p ) , 

5.67 x 10" 8 W / m 2 • K 4 (t 4 - 385 4 ) K 4 

' : -J- = 78.7 W/ 



1 + 1 + 0.637 
21.5 x 10" 8 T 4 + 78.7T p - 71,302 = 0 
A trial-and-error solution yields 



T p = 796 K 



m -k(900-T p )k 



The heat rate to one-half of the tube is then 

Da 



11/2 =V +q C onv =y_ 



(t p 4 -t s *) 



— — + — + 

F F 



1 l-s Q A 



s 21 P 
£ s A s 



- + h(;rD/2)(T m , g -T s ) 



qi/2 



0.07 m{5. 



67x10 8 W/m 2 -K 4 j(796.4 4 -385 4 )K 4 



2.637 



• + 78.7 W/m 2 -K(0.110 m)(900-385)K 



qi/2 =572 W/m + 4458 W/m = 5030 W/m 
The heat rate for the entire tube is 

q' = 2qi /2 =10,060 W/m 

(c) The foregoing model was entered into the IHT workspace, and parametric calculations were 
performed to obtain the following results. 



900 



850 



r 

Q. 






16000 




14000 


E 


12000 


s 




"cr 


10000 


0) 










8000 






X 






6000 




4000 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Emissivity, epsp = epss 

— •— mdot = 0.02 kg/s 
— *— mdot = 0.05 kg/s 
— •— mdot = 0.08 kg/s 



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Emissivity, epsp =epss 

— •— mdot = 0.02 kg/s 
— *— mdot = 0.05 kg/s 
— ■— mdot = 0.08 kg/s 



Radiation transfer from the partition increases with increasing s p = s s , thereby reducing T p while 
increasing q'. Since h increases with increasing m, T p and q' also increase with m. 
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PROBLEM 13.116 (Cont.) 



12000 



10000 
80OO 
6000 
4000 
2000 



0.1 0.2 0.3 0.4 0.5 0.6 

Emissivity, epsp = epss 

— • — q'conv + q'rad, mdot = 0.05 kg/s 
— * — q'conv, mdot = 0.05 kg/s 
— ■ — q'rad, mdot = 0.05 kg/s 



0.7 



0.8 



0.9 



Although the radiative contribution to the heat rate increases with increasing e p = s s , it still remains 
small relative to convection. 

COMMENTS: Contrasting the heat rate predicted for part (b) with that for part (a), it is clear that use 
of the partition enhances heat transfer to the tube. However, the effect is due primarily to an increase 
in h and secondarily to the addition of radiation. 
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PROBLEM 13.117 



KNOWN: Dimensions of horizontal air space separating plates of known temperature. 
Emissivity of end plates and interleaving aluminum sheets. 

FIND: (a) Neglecting conduction or convection in the air , determine the heat flux through the 
system, (b) Neglecting convection and radiation, determine the heat flux through the system, (c) 
Heat flux through the system accounting for conduction and radiation, (d) Determine whether 
natural convection is negligible in part (c). 



SCHEMATIC: 



: 50 °C, e k = 0.85 



Gap E 



Gap D 



Gap C 



Gap B 



Gap A 



9 cond, 1 -2 



1 T, = 200°C, e, = 0.85 



ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Diffuse, gray surfaces, (3) Constant 
properties in each gap, (4) Negligible natural convection. 

PROPERTIES: Air: Properties evaluated using IHT. 

ANALYSIS: (a) The radiation heat flux across each of the five gaps is 



c^-T 4 ) 
1rad,l-2 ~ i i 

— + — -1 
Si £2 



5.67 xlO" 8 



W 



m 2 -K 4 



(473K) -T 2 4 



-U-L-i 

0.85 0.07 



(1) 



lrad.2-3 _ 



*(t 2 4 -t 3 4 ) 

-U-U 

8 2 8 3 



5.67x10 



-8 



w 



m 2 -K 4 



T 2 4 -T 3 4 ] 



1 - + -L-i 



0.07 0.07 



(2) 



q r ad,3-4 - 



q(T 3 4 -x 4 4 ) 



5.67x10" 



W 



m 2 -K 4 



rp4 rp4 
1 3 - 1 4 



1 - + J— 1 



0.07 0.07 



(3) 



Continued. 
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PROBLEM 13.117 (Cont.) 



a(tf-T<) 



M A 5 
q r ad,4-5 = — i I 

S 4 S 5 



1 



5.67 xlO" 8 



W 



T 4 4 "T 5 4 ] 



1 - + -L-i 



0.07 0.07 



(4) 



a 



q r ad,5-6 



(T 5 4 -T 6 4 ) 5.67xl0- 8 m ^ r [T 4 -(325K) 4 ] 



-1 + J--1 
e 5 H 



m 2 -K 4 

1 - + J— 1 



0.07 0.85 



where 



(5) 



Irad - 1rad,l-2 _ 1rad,2-3 ~ 1rad,3-4 _ 1rad,4-5 ~ lrad.5-6 

Solving Eqns. (1) through (6) simultaneously yields 

T 2 = 460.5 K, T 3 = 433.5 K, T 4 = 400.1 K, T 5 = 355.4 K, q rad = 19.89 W/m 2 
(b) The conduction heat flux across each of the five gaps is 

q; 0 nd=^(T 1 -T 2 ) 



(6) 



(7) 



where k A is the thermal conductivity of air evaluated at T A = (Tj + T 2 )/2 . Likewise, 



q rand ,2-3 = Y"(T 2 -T 3 ); k B = k air ([T 2 + T 3 ]/2) 
qco„d,3-4 - Y L (T 3 -T 4 ); k c =k air ([T 3+ T 4 ]/2) 



(8) 
(9) 



qcond,4-5 =^(T 4 -T 5 ); k D =k air ([T 4 + T 5 ]/2) 



(10) 



qco„d,5-6 =-^(T 5 -T 6 ); k E = k air ([T 5 + T 6 ]/2) 



where 



(11) 



qcond _ qcond,l-2 _ qcond,2-3 ~~ qcond,3-4 ~~ qcond,4-5 _ qcond,5-6 



(12) 
Continued. 
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PROBLEM 13.117 (Cont.) 

Solving Eqns. (7) through (12) simultaneously and using IHT to evaluate k A , k B , k c , k D and k E 
yields 

T 2 = 446.5 K, T 3 = 418.6 K, T 4 = 389.1 K, T 5 = 357.4 K, q cond = 100.6 W/m 2 < 

(c) For each gap, q" = q' cond + q rad . Hence, 

1l-2 - 1rad,l-2 + 1cond,l-2 (13) 
q2-3=qrad,2-3+qcond,2-3 ( 14 ) 

13- 4 - 1rad,3-4 + 1cond,3-4 (15) 

14- 5 = 1rad,4-5 + lcond.4-5 (16) 

^5-6 = 1rad,5-6 + qcond,5-6 (I 7 ) 
whereq = qj_ 2 = q 2 _ 3 = q 3 _ 4 = q 4 _ 5 = q 5 _ 6 (18) 

Solving Eqns. (1) through (5), (8) through (11), and (13) through (18) simultaneously and using 
IHT to evaluate k A , k B , k c , k D and k E yields 

T 2 = 450.2 K, T 3 = 421.9 K, T 4 = 391.2 K, T 5 = 357.4 K, q" = 122.1 W/m 2 < 

(d) The Rayleigh number for gap A is 

gP(Ti-T 2 )L 3 



Ra 



L,A 

va 



where Ti = 473 K and T 2 = 450.2 K. Therefore, T = (473K + 450.2K)/2 = 461. IK. Hence, 

2 2 

p = i = — , v = 3.381 xlO" 5 — and a=4.931xl0" 5 — 

T 461. IK 2 s 



from which 



9.81^- 1 x ( 473K - 450.2K) x 0.01m 3 

Ra L A = s 2 46L1K 2 — 2 = 289.2 

3.381 x 10 -5 — x 4.931 x 10~ 5 — 



Continued. 
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PROBLEM 13.117 (Cont.) 



Repeating the calculation for the remaining gaps yields 

Ra L3 = 463, Ra L , c = 690, Ra L;D = 1104, Ra L , E = 1747. 

The largest Rayleigh number is slightly higher than the critical value of 1703. Therefore, natural 
convection in the gaps is negligible. < 

COMMENTS: (1) Ignoring the presence of the air will result in an estimated heat flux 
that is only 16 percent of the actual value. One must carefully account for conduction or 
convection effects in radiation problems, in particular when the radiation occurs in 
conjunction with low emissivity surfaces. (2) The heat flux for combined radiation and 
conduction exceeds the sum of the individual components acting alone. This is due to the 
non-linear effects brought about by the fourth-power dependence of the radiation heat 
flux upon temperature and property variations. (3) The foil temperatures vary for the 
three simulations. Can you explain why different temperatures exist for the three cases? 



IHT code for solution of part (c) is shown below. 



T1 = 200 + 273 
T6 = 50 + 273 
emissl = 0.85 
emiss6 = 0.85 
emiss2 = 0.07 
emiss3 = emiss2 
emiss4 = emiss3 
emiss5 = emiss4 
sigma=5.67*10 A -8 



// Air property functions : From Table A. 4 
// Units: T(K); 1 atm pressure 



k12 = k_T("Air",T12) 
k23 = k_T("Air",T23) 
k34 = k_T("Air",T34) 
k45 = k_T("Air",T45) 
k56 = k_T("Air",T56) 
T12 = (T1 +T2)/2 
T23 = (T2 + T3)/2 
T34 = (T3 + T4)/2 
T45 = (T4 + T5)/2 
T56 = (T5 + T6)/2 

L = 0.01 

//March through the gaps 

qrad12 = sigma*(T1 A 4-T2 A 4)/(1 /emissl +1/emiss2-1) 
qcon12 = k12*(T1-T2)/L 
qtot = qrad12+qcon12 

qrad23 = sigma*(T2 A 4-T3 A 4)/(1/emiss2+1/emiss3-1) 
qcon23 = k23*(T2-T3)/L 
qtot = qrad23+qcon23 



// Thermal conductivity, W/m-K 
// Thermal conductivity, W/m-K 
// Thermal conductivity, W/m-K 
// Thermal conductivity, W/m-K 
// Thermal conductivity, W/m-K 
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Continued. 

PROBLEM 13.117 (Cont.) 



qrad34 = sigma*(T3 A 4-T4 A 4)/(1/emiss3+1/emiss4-1) 
qcon34 = k34*(T3-T4)/L 
qtot = qrad34+qcon34 

qrad45 = sigma*(T4 A 4-T5 A 4)/(1/emiss4+1/emiss5-1) 
qcon45 = k45*(T4-T5)/L 
qtot = qrad45+qcon45 

qrad56 = sigma*(T5 A 4-T6 A 4)/(1/emiss5+1/emiss6-1) 
qcon56 = k56*(T5-T6)/L 
qtot = qrad56+qcon56 

//Note that one must input initial temperatures of around 350 K for all values, or else the system of equations 
will not converge. 
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PROBLEM 13.118 

KNOWN: Diameters, temperatures, and emissivities of concentric spheres. 

FIND: Rate at which nitrogen is vented from the inner sphere. Effect of radiative properties on 
evaporation rate. 

SCHEMATIC: 



D Q =1.10 m 



Helium, p = 1 atm 



T, = 77 K, £/ = 0.3 




Dj =1 m 



Liquid nitrogen 
T Q = 283 K, e 0 = 0.3 



ASSUMPTIONS: Diffuse-gray surfaces. 

PROPERTIES: Liquid nitrogen (given): h fg = 2 x 10 5 J/kg; Table A-4, Helium ( T = (Tj + T Q )/2 = 
180 K, 1 atm): v = 51.3 x 10" 6 m 2 /s, k = 0.107 W/m-K, a = 76.2 x 10" 6 m 2 /s, Pr = 0.673, p = 
0.00556 K" 1 . 

ANALYSIS: (a) Performing an energy balance for a control surface about the liquid nitrogen, it 
follows that q = q con v + Irad = riihfg- The convection heat rate is given by Eqs. 9.61 through 9.63. 



L = 



1 1 



,4/3 



1 



1 



x 4/3 



0.5m 0.55m 



2 1/3 (rr 7/5 +r; 7/5 ) 5/3 2 1/3 (0.5nT 7/5 + 0.55nr 7/5 ) 
The Rayleigh number is 



5/3 



= 0.0057m 



Ra„ = 



va 



9.8m/s 2 (0.00556K 1 )(77-283)K(0.0057m) 3 



51.3xl0^m 2 /sx76.2xl0^m'/s 



= 529 



From Eq. 9.62, 
k 



^- = 0.74 
k 



Pr 



0.861 + Pr 



\ 1M r 
Ra'/ 4 = 0.74 



0.673 



,1/4 



0.861 + 0.673 



529 1/4 = 2.89 



Therefore, keff = 2.89 x 0.107 W/m-K = 0.309 W/m-K. From Eq. 9.61, 



Iconv 



_ 4^0; -T„) _ 4 x n x 0.309W / m • K x (206K) _ 



(1/r^-a/rJ 



(l/0.5m)-(l/0.55m) 



4399W 



Continued... 
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PROBLEM 13.118 (Cont.) 



From Table 13.21, 



q r ad = %i = 



^Df^-Tj 4 ) 



i/s i+ ((i-* 0 )/* 0 )(Di/D 0 ;r 

5.67 xKPW/nr ■ K" r k(l m) 2 1 283 4 -77 4 )k" 



l/0.3 + (0.7/0.3)(l/l.l) z 



= 216 W. 



Hence, rh = q/h fg = (4399 + 216)W/2xl0 5 J/kg = 0.023kg/s. < 

With the cavity evacuated, IHT was used to compute the radiation heat rate as a function of s; = s Q . 



600 




0.2 0.4 0.6 

Emissivity, epsi = epso 



0.8 



Clearly, significant advantage is associated with reducing the emissivities and q ra d = 31.8 W for ei = s G 
= 0.05. 

COMMENTS: The convection heat rate is too large. It could be reduced by replacing He with a gas 
of smaller k, a cryogenic insulator (Table A. 3), or a vacuum. Radiation effects are second order for 
small values of the emissivity. 
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PROBLEM 13.119 



KNOWN: Dimensions, emissivity and upper temperature limit of coated panel. Arrangement and 
power dissipation of a radiant heater. Temperature of surroundings. 

FIND: (a) Minimum panel-heater separation, neglecting convection, (b) Minimum panel-heater 
separation, including convection. 

SCHEMATIC: 




(DHea+er 
/-® Panel 




5,3^3 



A,/> 



'2' ZS 



ASSUMPTIONS: (1) Top and bottom surfaces of heater and panel, respectively, are adiabatic, (2) 
Bottom and top surfaces of heater and panel, respectively are diffuse-gray, (3) Surroundings form a 
large enclosure about the heater-panel arrangement, (4) Steady-state conditions, (5) Heater power is 
dissipated entirely as radiation (negligible convection), (6) Air is quiescent and convection from panel 
may be approximated as free convection from a horizontal surface, (7) Air is at atmospheric pressure. 

PROPERTIES: Table A-4, Air (T f = (400 + 298)/2 * 350 K, 1 atm): v = 20.9 x 10" 6 rn7s, k = 0.03 
W/m-K, Pr = 0.700, a = 29.9 x 10" 6 m 2 /s, p = 2.86 x 10" 3 K \ 

ANALYSIS: (a) Neglecting convection effects, the panel constitutes a floating potential for which the 
net radiative transfer must be zero. That is, the panel behaves as a re-radiating surface for which Eb2 = 
J2- Hence 



qi 



; b2. + J l 



^b3 



l/Atfz l/Atf^ 



and evaluating terms 



E b2 = (7T 2 =5.67x10 8 W/m -K 4 (400 K) =1452 W/m z 

E b3 =C7T 3 4 =5.67xl0" 8 W/m 2 -K 4 (298 K) 4 = 447 W/m 2 

2 



^3 - 1_F i2 



find that 



75,000 W _ J r 



1452 J, 
-+ 1 



A : = 25 m" 
447 



25 m 2 1/112 1/(1-112) 
3000 W/m 2 = Fj 2 (Ji -1452) + (^-447) -Fj 2 (Ji- 447) 
Jj =3447 + 1005F[2. 

Performing a radiation balance on the panel yields 

J l ~ E b2 = E b2 ~ E b3 
l/A 1 Fj 2 1/A 2 F 23 



(1) 



(2) 



Continued 
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PROBLEM 13.119 (Cont.) 

With Ai = A2 and F23 = 1 - F12 

F[ (Jj - 1452) = (1 - ) (1452 - 447) 

or 

447F[2 = Il2 J l -1005. (3) 
Substituting for Ji from Eq. (2), find 

447% = F[2 ( 3447 + 1005% ) - 1005 

1005FJ2 + 3000% -1005 = 0 
H2=0.30. 

Hence from Fig. 13.4, with X/L = Y/L and Fy = 0.3, 
X/L*1.45 

L«5m/1.45 = 3.45 m. < 

(b) Accounting for convection from the panel, the net radiation transfer is no longer zero at this 
surface and Eb2 * J2- It then follows that 

hzl^ + hz^i (4) 

where, from an energy balance on the panel, 
h ~ E b2 



{\-s 1 )ls 1 A 1 

2 



-qconv,2-hA 2 (T 2 -T 00 ). (5) 



With L = A s /P = 25 m 720 m = 1.25 m, 

g/?(T s - Too )L 3 9.8m/s 2 (2.86xl0- 3 K- 1 )(l02K)(l.25m) 3 

Ra L = ^— = i _' = 8.94 x 10 9 . 

va (20.9x29.9)10 m 4 /s 2 

Hence 

Nu" L =0.15RaL 3 =0.15^8.94xl0 9 j 1/3 =311 

0.03W/m-K 2 

h = 311k/L = 311 = 7.46 W/m -K 

1.25 m 

qconv,2 = 7 - 46 W/m 2 -K(l02 K) = 761 W/m 2 . 
From Eq. (5) 

H = E b 2+ — qconv 2 =1452 + ^761 = 3228 W/m 2 . 
s 2 0.3 

Continued .... 
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PROBLEM 13.119 (Cont.) 

From Eq. (4), 

75,000 _ Jj- 3228 J, -447 



25 1/% 1/(1-%) 

3000 = % (Ji - 3228) + J 1 - 447 - % ( Ji - 447) 

J x =3447 + 27811^2. (6) 
From an energy balance on the panel, 

J 1~ J 2 l E b3~h ^ J 2~ E b2 ^ q 2 
1/A 1 F, 2 1/A 2 F2 3 (l-f 2 ) /f 2 A 2 

F12 ( Ji - 3228) + (1 - F 12 )(447 - 3228) = 761 

E-2JJ-447FJ2 -3542. 
Substituting from Eq. (6), 

Fi 2 (3447 + 278 1% )- 447% = 3542 

2781^2 + 3000FJ2 - 3542 = 0 
Fi2=0.71. 

Hence from Fig. 13.4, with X/L = Y/L and Fy = 0.71, 
X/L = 5.7 

L*5 m/5.7 = 0.88 m. < 
COMMENTS: (1) The results are independent of the heater surface radiative properties. 

(2) Convection at the heater surface would reduce the heat rate qi available for radiation exchange and 
hence reduce the value of L. 
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PROBLEM 13.120 



KNOWN: Diameter and emissivity of rod heater. Diameter and position of reflector. Width, 
emissivity, temperature and position of coated panel. Temperature of air and large surroundings. 

FIND: (a) Equivalent thermal circuit, (b) System of equations for determining heater and reflector 
temperatures. Values of temperatures for prescribed conditions, (c) Electrical power needed to operate 
heater. 



SCHEMATIC: 



jiA+fczooK 



A z ,D z =lm 



A lt J) t = 0.01m; 




p-latm 



TL=400K.W=lm 




ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse-gray surfaces, (3) Large surroundings act 
as blackbody, (4) Surfaces are infinitely long (negligible end effects), (5) Air is quiescent, (6) 
Negligible convection at reflector, (7) Reflector and panel are perfectly insulated. 

PROPERTIES: Table A-4, Air (T f = 350 K, 1 atm): k = 0.03 W/m-K, v = 20.9 x 10" 6 m 2 /s, a = 29.9 
x 10" 6 m 2 /s, Pr = 0.70; (T f = (1295 + 300)/2 = 800 K): k = 0.0573 W/m-K, v = 84.9 x 10" 6 rn7s, a = 
120 x 10" 6 m 2 /s. 

ANALYSIS: (a) We have assumed blackbody behavior for Ai and A4; hence, J = Eb- Also, A2 is 
insulated and has negligible convection; hence q = 0 and J2 = Eb2- The equivalent thermal circuit is: 

<2 t J l =E bl ^1^2.. Jji^EbZ 




(b) Performing surface energy balances at 1, 2 and 3: 

E bl -E b2 E bl -J 3 E bl -E b4 

11 -q C onv,l = 



- + - 



- + - 



1/AA2 l/Aflg 1/Atf 4 

Q ^ E bl -E b2 | J3~E b2 | E b4 -E b2 
1/A 2 F 21 1/A 2 F 23 1/A 2 F 24 



(1) 



(2) 



where 



J b3 



- + - 



! b2 



■ + - 



^4 



(l-^)/^ 3 A 3 1/A3F3! 1/A 3 F3 2 I/A3F34 



J^-E 



b3 



(l-^)/^A 3 



1conv,3- 



(3a) 



(3b) 



Continued 
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PROBLEM 13.120 (Cont.) 

Solution procedure with Eb3 and Eb4 known: Evaluate q CO nv,3 an d use Eq. (3b) to obtain J3; Solve 
Eqs. (2) and (3a) simultaneously for Ebi and Eb2 and hence Ti and T2; Evaluate q CO nv,l an d use Eq. 
(1) to obtain qi. 

For free convection from a heated, horizontal plate using Eqs. 9.29 and 9.31: 

A s (WxL) W 

L c = — ^ = '— * — = 0.5 m 

P (2L + 2W) 2 

Ra = gA(T 3 -T 00 )L 3 c = 9.8 m/s 2 (350 K^lOO K)(0.5 m) 3 =56xlQ 8 
av 20.9 x 29.9 xl0" 12 m 4 /s 2 

1/3 

Nu L =0.15RaL 3 = 0.15^5.6x 10 8 ) =123.6 

- k— 0.03 W/m-Kxl23.6 n Ar% „ T , 2 v 

ha = — Nu T = = 7.42 W/m • K. 

L c L 0.5 m 

qconv,3=h 3 (T 3 -T 00 ) = 742 W/m 2 . 
Hence, with 

E b3 =ctT 3 4 =5.67 xl0~ 8 W/m 2 - K 4 (400 K) 4 =1451 W/m 2 
using Eq. (3b) find 

J 3 =E b3 + 1 ^ 3 -q COI1V) 3 =(l451 + [0.3/0.7]742) = 1769 W/m 2 . 
^3 A 3 

View Factors: From symmetry, it follows that F12 = 0.5. With 0 = tan 1 (W/2)/H = tan 1 (0.5) = 
26.57°, it follows that 

Fi 3 =20 1 360 = 0.148. 

From summation and reciprocity relations, 
% =0-352 

% = ( Ai / A 2 ) % = (2D : / D 2 ) % = 0.02 x 0.5 = 0.01 
P23=(A 3 /A 2 )F 32 =(2/^(1^ -F,,). 
For X/L = 1, Y/L « 00, find from Fig. 13.4 that F 32 - * 0.42. Also find, 
F^j =(A 1 /A 3 )F 13 = (;r x 0.01/ 1) 0.148 = 0.00465* 0.005 
% =(2/^)(0.42-0.005) = 0.264 
% «1-F# =l-(A 2 /A 2 )F2- 2 =l-(2/^) = 0.363 
F 24 =l-F 21 -F 22 -F 23 =0.363 

Continued 
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PROBLEM 13.120 (Cont.) 

F 3l = 0.005, 1^2=0.415 
F34 =1-%' =1-0.42 = 0.58. 

With E b4 =crT4 =5.67 xl0" 8 W/m 2 -K 4 (300 K) 4 =459 W/m 2 , 

Eq. (3a) -> 0.005(E bl - 1769) + 0.415(E b2 - 1769) + 0.58(459 - 1769) = 742 

0.005E b i + 0.415Eb2 = 2245 (4) 

Eq. (2) -> 0.01(E bl - E b2 ) + 0.264(1769 - E b2 ) + 0.363(459 - E b2 ) = 0 

0.01E b i-0.637E b2 + 633.6 = 0. (5) 

Hence, manipulating Eqs. (4) and (5), find 
E b2 =0.0157E bl + 994.7 

0.005E bl +(0.415) (0.0157E bl +994.7) = 2245. 

E bl =159,322 W/m 2 Tj = (E bl /af' 4 = 1295 K < 

E b2 =0.0157 (159, 322) + 994.7 = 3496 W/m 2 T 2 = (E b2 I erf 4 = 498 K. < 

(c) With Ti = 1295 K, then T f = (1295 + 300)/2 * 800 K, and using Eq. 9.33 

r ^ = gfijTj -T^D 3 = 9.8 m/s 2 (1/800 K)(l295 - 300)k(0.01 m) 3 = ^ 
av 120 x 84.9 xl0" 12 m 4 /s 2 

Nu" D =0.85Ra°j 188 =0.85(1196) 0 188 =3.22 

hj =(k/D 1 )Nu D = (0.0573/0.01) x 3.22 = 18.5 W/m 2 -K. 

The convection heat flux is 

q C onv,l =hi(T 1 - T Q0 ) = 18.5 (1295 -300) = 18, 407 W/m 2 , 

Using Eq. (1), find 

11 = qconv,l + *l2 ( E bl - E b2 ) + ^3 ( E bl ~ J 3 ) + ^4 ( E bl ~ E b4 ) 

q{ =18,407 + 0.5(159,322-3496) 

+0.148 (159, 322 - 1769) + 0.352 (159, 322 - 459) 

qj = 1 8, 407 + (77, 913 + 23, 3 14 + 55, 920) 
qj =18,407 + 236,381 = 254,788 W/m 2 

qi = ^Dxqf = n (0.01) 254, 788 = 8000 W/m. < 

COMMENTS: Although convection represents less than 8% of the net radiant transfer from the 
heater, it is equal to the net radiant transfer to the panel. Since the reflector is a reradiating surface, 
results are independent of its emissivity. 
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PROBLEM 13.121 

KNOWN: Temperature, power dissipation and emissivity of a cylindrical heat source. Surface 
emissivities of a parabolic reflector. Temperature of air and surroundings. 

FIND: (a) Radiation circuit, (b) Net radiation transfer from the heater, (c) Net radiation transfer from 
the heater to the surroundings, (d) Temperature of reflector. 

SCHEMATIC: 




e zo =0.8- 



-zi 



-■0.1 



T^ZOOK 




X \J~^Hea-t-er, V^O.OOSm, Sr-0.80, 
- 1j=lZOOK, Pj=1500W/m 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heater and reflector are in quiescent and infinite 
air, (3) Surroundings are infinitely large, (4) Reflector is thin (isothermal), (5) Diffuse-gray surfaces. 



PROPERTIES: Table A-4, Air (T f = 750 K, 1 atm): v = 76.37 x 10 m 7s, k = 0.0549 W/m-K, a = 
109 x 10" 6 m 2 /s, Pr = 0.702. 

ANALYSIS: (a) The thermal circuit is 



1-e-zo 




(b) Energy transfer from the heater is by radiation and free convection. Hence, 
P l =01 +ql,conv 

where 

qi,conv =hxDi(Ti -T^) 

and 

gA(Ti-T 00 )D 3 9.8 m /s 2 (750 K)" 1 (900 K) (0.005 m) 3 
Rap = = — — ; — _ = 1 /6.6. 



va 



76.37x109x10 12 m 4 /s 2 



Using the Churchill and Chu correlation, find 

^2 



Nu 



D 



0.6 + - 



0.387Ra 1 D /6 



1 + (0.559 /Pr)' 



9/16 



8/27 



0.6 + - 



0.387(176.6) 



1/6 



l + (0.559/0.702)' 



9/16 



8/27 



2 

^ =1.85 



h = Nu D (k/D) = 1.85(0.0549 W/m-K/0.005 m) = 20.3 W/m 2 -K. 



Continued 
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PROBLEM 13.121 (Cont.) 

Hence, 

qi,conv = 20 - 3 W/m 2 -K;r (0.005 m) (1200 - 300) K - 287 W/m 
qi =1500 W/m-287 W/m = 1213 W/m. 

(c) The net radiative heat transfer from the heater to the surroundings is 

ql(sur) = AlFisurlJl - J sur)- 

The view factor is 

F[ sur =(135/360) = 0.375 

and the radiosities are 

J sur =crT s 4 ur =5.67 xlO" 8 W/m 2 - K 4 (300 K) 4 = 459 W/m 2 

J x =E bl -qi (l-fii)qAi =5.67xl0" 8 W/m 2 -K 4 (l200 K) 4 

-1213 W/m[0.2/0.8;r(0.005 m)] 

Ji =98,268 W/m 2 . 

Hence 

ll(sur) = ^ (0-005 m) 0.375 (98, 268 - 459) W / m 2 = 576 W / m. 

(d) Perform an energy balance on the reflector, 

l2i = ^2o + q2,conv 

- J2i " Eb2 =- E b2" J sur + 2h 2 A' 2 (T 2 -T 00 ). 

I 1 " ^2i ) / £ 2i A 2 I 1 " £ 2o ) 1 £ 2o A 2 + 1 / A 2 F 2o(sur) 

The radiosity of the reflector is 

ql(2i) 2 (l213-576)W/m 

J 2 i = Ji y - J - = 98,268 W/m z } — ± 

^^(21) ^"(0.005 m) (225/ 360) 

J 2i =33,384 W/m 2 . 

Hence 

33, 384 - 5.67 x 10" 8 (t 4 ) 5.67 x 10" 8 (t 2 ) - 459 

1 5 -7 \-7 - + 2x0.4(T 2 -300) 

(0.9/0.1x0.2 m) (0.2/0.8x0.2 m) + (l/0.2mxl) v ' 

741.9 - 0. 126 x 10" 8 T 4 = 0.907 x 10" 8 T 4 - 73.4 + 0.8T 2 - 240 

1.033 xlO" 8 T 2 +0.8T 2 =1005 
and from a trial and error solution, find 
T 2 = 502 K. 

COMMENTS: Choice of small 82i and large 820 insures that most of the radiation from heater is 
reflected to surroundings and reflector temperature remains low. 
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PROBLEM 13.122 



KNOWN: Geometrical conditions associated with tube array. Tube wall temperature and pressure of 
water flowing through tubes. Gas inlet velocity and temperature when heat is transferred from 
products of combustion in cross-flow, or temperature of electrically heated plates when heat is 
transferred by radiation from the plates. 

FIND: (a) Steam production rate for gas flow without heated plates, (b) Steam production rate with 
heated plates and no gas flow, (c) Effects of inserting unheated plates with gas flow. 



SCHEMATIC: 



XV=I0m/s,T mi =1200K 

ooooo r T ^ooK )P -.2.5 ba ^) 

N T =5,N L =Z0,L=lm J 



OOOOO 



ooooo 

V<4 (3) 



Tp^izooK 



o 


o 


o 


o 


o 


o 


o 


o 


o 


o 


6 


6 


6 


6 


6 



(b) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible gas radiation, (3) Tube and plate 
surfaces may be approximated as blackbodies, (4) Gas outlet temperature is 600 K. 

PROPERTIES: Table A-4, Air (T = 900 K, 1 atm): p = 0.387 kg/m 3 , c p = 1121 J/kg-K, v = 102.9 x 
10" 6 m 2 /s, k = 0.062 W/m-K, Pr = 0.720; (T = 400 K): Pr = 0.686; (T = 1200 K): p = 0.29 kg/m 3 ; 
Table A-6, Sat. water (2.5 bars): h fg = 2.18 x 10 6 J/kg. 

ANALYSIS: (a) With 

V ma x=[S T /(ST-D)]V = 20m/s 

V max D 20m/s(0.01m) 
Re D = max = ^— '- = 1944 

v 102.9xl0" 6 m 2 /s 
and from the Zhukauskas correlation with C = 0.27 and m = 0.63, 

Nu D =0.27(l944)°- 63 (0.720) a36 (0.720/0.686) 1/4 =28.7 



h = 0.062 W/m- Kx 28.7/0.01 m = 178 W/m-K. 



The outlet temperature may be evaluated from 

f - \ f 



T -T 
A s 1 m,o 

T -T 
1 s 1 m,i 



exp 



hA 



mc 



: exp 



PJ 



hN^-DL 
/?VN x S T Lc p 



400 - T, 



m,o 



400-1200 



exp 



178 W/ni -Kxl00x;z-x0.01 m 
0.29 kg/m 3 xl0 m/sx5x0.02 mxll21 J/kg-K 



T m>0 =543 K. 
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PROBLEM 13.122 



KNOWN: Geometrical conditions associated with tube array. Tube wall temperature and pressure of 
water flowing through tubes. Gas inlet velocity and temperature when heat is transferred from 
products of combustion in cross-flow, or temperature of electrically heated plates when heat is 
transferred by radiation from the plates. 

FIND: (a) Steam production rate for gas flow without heated plates, (b) Steam production rate with 
heated plates and no gas flow, (c) Effects of inserting unheated plates with gas flow. 



SCHEMATIC: 



XV=I0m/s,T mi =1200K 

ooooo r T ^ooK )P -.2.5 ba ^) 

N T =5,N L =Z0,L=lm J 



OOOOO 



ooooo 

V<4 (3) 



Tp^izooK 



o 


o 


o 


o 


o 


o 


o 


o 


o 


o 


6 


6 


6 


6 


6 



(b) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible gas radiation, (3) Tube and plate 
surfaces may be approximated as blackbodies, (4) Gas outlet temperature is 600 K. 

PROPERTIES: Table A-4, Air (T = 900 K, 1 atm): p = 0.387 kg/m 3 , c p = 1121 J/kg-K, v = 102.9 x 
10" 6 m 2 /s, k = 0.062 W/m-K, Pr = 0.720; (T = 400 K): Pr = 0.686; (T = 1200 K): p = 0.29 kg/m 3 ; 
Table A-6, Sat. water (2.5 bars): h fg = 2.18 x 10 6 J/kg. 

ANALYSIS: (a) With 

V ma x=[S T /(ST-D)]V = 20m/s 

V max D 20m/s(0.01m) 
Re D = max = ^— '- = 1944 

v 102.9xl0" 6 m 2 /s 
and from the Zhukauskas correlation with C = 0.27 and m = 0.63, 

Nu D =0.27(l944)°- 63 (0.720) a36 (0.720/0.686) 1/4 =28.7 



h = 0.062 W/m- Kx 28.7/0.01 m = 178 W/m-K. 



The outlet temperature may be evaluated from 

f - \ f 



T -T 
A s 1 m,o 

T -T 
1 s 1 m,i 



exp 



hA 



mc 



: exp 



PJ 



hN^-DL 
/?VN x S T Lc p 



400 - T, 



m,o 



400-1200 



exp 



178 W/ni -Kxl00x;z-x0.01 m 
0.29 kg/m 3 xl0 m/sx5x0.02 mxll21 J/kg-K 



T m>0 =543 K. 
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PROBLEM 13.122 (Cont.) 



With 



find 



AT (Ts-T m ,0-(T s -V o ) -800-(-143) 
ln(T s -T m)i )/(T s -T m)0 )] ln(800/143) 



q = hAAT^ = 178 W/m 2 • K(l00)^-(0.01 m)l m(-382 K) 
q = -214 kW. 

If the water enters and leaves as saturated liquid and vapor, respectively, it follows that -q = m hf g , 
hence 

214,000 W 



m 



0.098 kg/s. 



2.18xlO"J/kg 

(b) The radiation exchange between the plates and tube walls is 



ApFps^Tp " T s 4 ) 



2-Nn 



where the factor of 2 is due to radiation transfer from two plates. The view factor and area are 



Fps=l- 



nl / 2 

1-(D/S) 2 +(D/S)tan _1 (s 2 -D 2 )/D 2 



1/2 



l ps 



F™ = 



l ps 
A 



1 - 0.866 + 0.5 tan 1 1 .732 = 1 - 0.866 + 0.524 
0.658 

N L -S L -1 m = 20x0.02 mxl m = 0.40 m 2 . 



Hence, 



q = 5x 



0.80 m 2 x 0.658 x 5.67 x 10 8 W / m 2 



1200 -4(Xf K 



q = 305,440 W 
and the steam production rate is 
305,440 W 



m = 



= 0.140 kg/s. 



2.18xlO°J/kg 

(c) The plate temperature is determined by an energy balance for which convection to the plate from 
the gas is equal to net radiation transfer from the plate to the tube. Conditions are complicated by the 
fact that the gas transfers energy to both the plate and the tubes, and its decay is not governed by a 
simple exponential. Insertion of the plates enhances heat transfer to the tubes and thereby increases 
the steam generation rate. However, for the prescribed conditions, the effect would be small, since in 
case (a), the heat transfer is already « 80% of the maximum possible transfer. 
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PROBLEM 13.123 

KNOWN: Gas-fired radiant tube located within a furnace having quiescent gas at 950 K. At a 
particular axial location, inner wall and gas temperature measured by thermocouples. 

FIND: Temperature of the outer tube wall at the axial location where the thermocouple measurements 
are being made. 



SCHEMATIC: 



Quiescent gas?) 
~Go=950K 



TZ ur *950K- 



Cras 

- V I - 

7T7=0.13kg/s 

p=101.SkPa 



T Si i=12Q0K-^—T m . 9 =1050K i 



1 



D o =0.Z0m 



-> D^O.lOtn 
k 



Axial location 



ASSUMPTIONS: (1) Silicon carbide tube walls have negligible thermal resistance and are diffuse- 
gray, (2) Tubes are positioned horizontally, (3) Gas is radiatively non-participating and quiescent, (4) 
Furnace gas behaves as ideal gas, P = 1/T. 

PROPERTIES: Gas (given): p = 0.32 kg/m 3 , v = 130 x 10" 6 rn7s, k = 0.070 W/m-K, Pr = 0.72, a = 
v/Pr= 1.806 x 10" 4 m 2 /s. 

ANALYSIS: Consider a segment of the outer tube at 
the 

Prescribed axial location and perform an energy balance, 

F ! -F' * = 0 
%n E out w 



1rad,i + 1conv,i 1rad,o 1conv,o 0 
The heat rates by radiative transfer are: 
Inside: For long concentric cylinders, Eq. 13.20, 



(1) 



j^rad.o 
I* f">..J.-:J_ 



Outside tube wall' 



^ D i( T s 4 i - T s 4 o) 
l/^ 1 + (l-^)/^(D i /D 0 ) 

5.67 x 10" 8 W / m 2 • K 4 x (0. 10 m) (l200 4 - T s 4 0 J K Z 



q r ad,i = 



Clrad ' 1 1/0.6 + (l-0.6)/0.6(0.10/0.20) 

qmd,i= 8-906 xl0- 9 (l200 4 -T s 4 o ). 

Outside: For the outer tube surface to large surroundings, 

q r ad,o = £kD 0 o- (t 4 0 - T s 4 r J = 0.6n (0.20 m) 5.67 x 10" 8 W / m 2 • K 4 |t 4 0 - 950 4 J K Z 

qrad,o=2.138xl0- 8 (T 4 o -950 4 ). 
The heat rates by convection processes are: 

Continued 



(2) 



(3) 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to students enrolled in 
courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108 of the 1976 
United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 13.123 (Cont.) 

Inside: The rate equation is 

qconv,i = h i^ D o ( T m,g " T s,o ) • ( 4 ) 

Find the Reynolds number with A c = n (d 2 -D 2 )/4 and D h = 4A C /P, 



Re D =u m D h /v u m = ml pA c = 0.13 kg/s/ 



0.32 kg/m 3 x^/4(o.2 2 -0.1 2 J 



2 

m 



= 17.2 m/s 



4(w/4)(dJ -D 2 J ;t(o.2 2 -0.1 2 ) 



2 

1,1 17.2 m/sxO.lOOm 



D h = - = — - = 0.100 m Re D = = 13,231. 

^(D 0+ Di) (0.2 + 0.l)m ' I30xl 0 - 6 m 2 /s 

The flow is turbulent and assumed to be fully developed; from the Dittus-Boelter correlation, 
Nu D = hD h /k = 0.023 Rep 8 Pr 0 3 

hi = °-° 70 W ' m • K x 0.023 (13, 23 1) 08 (0.720) 03 = 28.9 W/m 2 . K 
0.100 m 

Substituting into Eq. (4), 

qc 0nv 4 =28.9 W/m 2 -Kx^(0.20 m)(l050-T so )K = 18.16(l050-T so ). (5) 
Outside: The rate equation is 

1conv,o — ^o^^o (^s,o ~~ ^oo ) • 
Evaluate the Rayleigh number assuming T s o = 1025 K so that Tf = 987 K, 

gtfATD 3 9.8 m 2 /s 2 (1/987 K)(1025-950)K(0.20 m) 3 5 
Ra D = — = ^- ^ ±— i '— = 2.537 x 10 5 . 

™ 130xl0" 6 m 2 /sxl.806xl0" 4 m 2 /s 

For a horizontal tube, using Eq. 9.33 and Table 9.1, 

\l/4 



Nu D = h 0 D 0 / k = CRap = 0.48 ^2.537 x 10 5 J = 10.77 



h 0 = (0.070 W / m • K) / 0.20 m x 10.77 = 3.77 W / m 2 • K. 
Substituting into Eq. (6) 

qconv,o = 3 - 77 W/m 2 -Kx;z-(0.20 m)(T S 0 -950)K = 2.369 (t s o -950). (7) 

Returning to the energy balance relation on the outer tube, Eq. (1), substitute for the individual rates 
from Eqs. (2, 5, 3, 7), 

8.906 x 10" 9 |l200 4 - T s 4 0 j + 18.16(l050 - T s 0 ) - 2.138 x 10" 8 (t* q - 950 4 j - 2.369 (t s>0 - 950) = 0 (8) 

By trial-and-error, find T s o = 1040 K. < 

COMMENTS: (1) Recall that in estimating h 0 we assumed T S;G = 1025 K, such that AT = 75 K (vs. 
92 K using T s o — 1042 K) for use in evaluating the Rayleigh number. For an improved estimate of 
T s o , it would be advisable to recalculate h G . 

(2) Note from Eq. (8) that the radiation processes dominate the heat transfer rate: 

q ; ad (W/m) qc 0nv (W/m) 

Inside 7948 136 
Outside 7839 219 
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PROBLEM 13.124 



KNOWN: Temperature and emissivity of ceramic plate which is separated from a glass plate of 
equivalent height and width by an air space. Temperature of air and surroundings on opposite side of 
glass. Spectral radiative properties of glass. 

FIND: (a) Transmissivity of glass, (b) Glass temperature T g and total heat rate qh, (c) Effect of 
external forced convection on T g and qh- 

SCHEMATIC: 

0 <£ X £ 0.4 urn: T x = 0. a x =1 
0.4 ^ A. ^ 1.6 urn: T x = 1, a x =0 
X ^ 1.6 urn: V x = 0, a. x =0.9 



T- = 1000 K 
= 0.95 



H= W=2ltl — I 




md,o 




\— L = 0.05 m 



T sur =300K 



ASSUMPTIONS: (1) Spectral distribution of emission from ceramic approximates that of a 
blackbody, (2) Glass surface is diffuse, (3) Atmospheric air in cavity and ambient, (4) Cavity may be 
approximated as a two-surface enclosure with infinite parallel plates, (5) Glass is isothermal. 

PROPERTIES: Table A-4, air (p = 1 atm): Evaluated at T = (T c + T g )/2 and T f = (T g +Too)/2 using 
IHT Properties Toolpad. 

ANALYSIS: (a) The total transmissivity of the glass is 
Cr A E Ah dA ^=L6/nn 

r = = J ( E A,b /E b) d;l = F (o^A 2 )- I to^ 1 ) 

b \=0Aftm 

With X 2 T = 1600 ixm-K and X{T = 400 Lxm-K, respectively, Table 12.1 yields Ify-^) = °- 0197 and 
F^^) =0.0. Hence, 

r = 0.0197 < 
With so little transmission of radiation from the ceramic, the glass plate may be assumed to be opaque 
to a good approximation. Since more than 98% of the incident radiation is at wavelengths exceeding 

1.6 um, for which ax = 0.9, a g « 0.9. Also, since T g < T c , nearly 100% of emission from the glass is 

at X > 1.6 jam, for which sx = = 0.9, s g = 0.9 and the glass may be approximated as a gray surface. 



(b) The glass temperature may be obtained from an energy balance of the form q£ 



conv,i 



■ ^rad, 



Iconv o +c lrad o- Using Eqs. 13.19 and 13.22 to evaluate q^ ac j j and q^ a( j 0 , respectively, it follows 
that 



hi (T c -T g ) + - 



*( T c-Tg 



h o( T g- T oo) + ^gO-( 



Continued 
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PROBLEM 13.125 

KNOWN: Conditions associated with a spherical furnace cavity. 

FIND: Cooling rate needed to maintain furnace wall at a prescribed temperature. 

SCHEMATIC: 

T^SOOK-^ /~C0 Z (c)and N z (v) 

p^la+m, T Z -1400K 
p c - 0.25atm t ^0!1Sahn 





D=0.5m 



ASSUMPTIONS: (1) Steady-state, (2) Blackbody behavior for furnace wall, (3) N 2 is non-radiating. 

ANALYSIS: From an energy balance on a unit surface area of the furnace wall, the cooling rate per 
unit area must equal the absorbed irradiation from the gas (Eg) minus the portion of the wall's 
emissive power absorbed by the gas 



q c =E e 



■a. 



; E b (T s ) 



q c = £ g 0T g - « g crT s . 

Hence, for the entire furnace wall, 

4_ T 4^ 
g a g i s 



q c = A s°( £ g T g -« g T s 4 ) 



The gas emissivity, s g , follows from Table 13.4 with 

L e =0.65D = 0.65x0.5 m = 0.325 m = 1.066 ft. 
p c L e = 0.25 atm x 1.066 ft = 0.267 ft - atm 
and from Fig. 13.17, find s g = s c = 0.09. From Eq. 13.37, 
T 



f rp \0.45 



a a 



V T s J 



: ^c( T s'Pc L e[ T s /T g])- 



WithC c = 1 from Fig. 13.18, 

a g = l(l400/50) a45 xe c (500K, 0.095 ft - atm) 

where, from Fig. 13.17, 

e c (500K, 0.095 ft - atm) = 0.067. 



Hence 



a g = 1 (1400 /500) a45 x 0.067 = 0.106 
and the heat rate is 

q c =«-(0.5 m) 2 5.67xl0" 8 W/m 2 -K 4 0.09(1400 K) 4 - 0.106(500 K) 



qc =15.1 kW. 
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PROBLEM 13.126 

KNOWN: Diameter and gas pressure, temperature and composition associated with a gas turbine 
combustion chamber. 

FIND: Net radiative heat flux between the gas and the chamber surface. 
SCHEMATIC: 

j— % = SOO"C / Combustion gas 

~ " T g ^100O°C ) p=latm 

Pw = Pc= aiSafm 



10 J 



ASSUMPTIONS: (1) Steady-state conditions, (2) Blackbody behavior for chamber surface, (3) 
Remaining species are non-radiating, (4) Chamber may be approximated as an infinitely long tube. 

ANALYSIS: From Eq. 13.35 the net rate of radiation transfer to the surface is 

qnet = A s° ( £ g T g ~ «g T s 4 ) or qket = ^ DcJ ( £ g T g - « g T s 4 ) 

with A s = nDL. From Table 13.4, L e = 0.95D = 0.95 x 0.4 m = 0.380 m = 1.25 ft. Hence, p w L e = 
p c L e = 0.152 atm x 1.25 ft = 0.187 atm-ft. 

Fig.13.15 (T g =1273 k), -> s w « 0.069. 

Fig.13.17 (T g = 1273 k), -> s c « 0.085. 

Fig.13.19 (p w /(p c +p w ) = 0.5, L c (p w +p c ) = 0.375 ft-atm, T g >930°c), -> As > 0.01. 

From Eq. 13.33, 

e g =£ w +s c -As = 0.069 + 0.085 -0.01 * 0.144. 

From Eq. 13.36 for the water vapor, 

«w = C w (T g / T s )°' 45 x ff w (t s , p w L c [T s / T g ]) 

where from Fig. 13.15 (773 K, 0.114 ft-atm), -> 8 W * 0.083, 

a w =l(l273/773) a45 x 0.083 = 0.104. 

From Eq. 13.37, using Fig. 13.17 (773 K, 0.114 ft-atm), -> s c * 0.08, 

a c =l(l273/773) 0 45 x 0.08 = 0.100. 
From Fig. 13.19, the correction factor for water vapor at carbon dioxide mixture, 

(Pw / (Pc + Pw ) = 0.1, L e (p w + P c ) = 0.375, T g * 540°c) ,^Aa* 0.004 
and using Eq. 13.38 

a g = a w + a c - Aa = 0. 104 + 0. 100 - 0.004 ~ 0.200. 



Hence, the heat rate is 



qn et =^-(0.4 m) 5.67x10 8 W/m 2 -K 4 0.144(1273^-0.200(773) 



\4 nnnn /^\4 



21.9 kW/m. < 
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PROBLEM 13.127 

KNOWN: Pressure, temperature and composition of flue gas in a long duct of prescribed diameter. 

FIND: Net radiative flux to the duct surface. 

SCHEMATIC: 

j-T^AOO'C r -— F/ue gas 



p^-0.1atm ) p c -0.05atm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Duct surface behaves as a blackbody, (3) Other 
gases are non-radiating, (4) Flue may be approximated as an infinitely long tube. 

ANALYSIS: With A s = TtDL, it follows from Eq. 13.35 that 

q ne t =* D<j ( £ g T g -« g T s 4 ) 

From Table 13.4, L e = 0.95D = 0.95 x 1 m = 0.95 m = 3.12 ft. Hence 
p w L e =0.12 atmx3.12 m = 0.312 atm-ft 

p c L e =0.05 atmx3.12 m = 0.156 atm-ft. 
With T g = 1400 K, Fig. 13.15 -> s w = 0.083; Fig. 13.17 -> s c = 0.072. With p w /(p c + p w ) = 0.67, 
L e (Pw +Pc) = 0.468 atm-ft, T g > 930°C, Fig. 13.19 -> As = 0.01. Hence from Eq. 13.33, 

e g = s w +s c -Ae = 0.083 + 0.072 -0.01 = 0.145. 
From Eq. 13.36, 

«w = C w (T g / T s )°' 45 X£ w (t s , Pw L e [T s / T g ]) 



a w = 1(1400 / 400) 0 45 X£ w Fig. 13.15 -> s w (400 K, 0.0891 atm-ft) = 0.1 

a w = 0.176. 
From Eq. 13.37, 

( \ 0 - 45 ( \ 
a c = c c ( T g I T s j x £ c \ T s . Pc L e T s I T g j 

a c = l(l400/400) 0 45 xs c Fig. 13.18 -> s c (400 K, 0.0891 atm-ft) = 0.053 
a c = 0.093. 

With p w /(p c + p w ) = 0.67, L e (p w + p c ) = 0.468 atm-ft, T g * 125°C, Fig. 13.19 gives 
Aa ~ 0.003. 



Hence from Eq. 13.38, 
« g = « w + a c 

The heat rate per unit length is 



a R = a w + a c - Aa = 0. 176 + 0.093 - 0.003 = 0.266. 



q^t =*(l m)5.67xl0 8 W/m 2 -K 4 0.145(1400 K) 4 -0.266(400 K) 4 
q net =98kW/m. 
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PROBLEM 13.128 

KNOWN: Gas mixture of prescribed temperature, pressure and composition between large parallel 
plates of prescribed separation. 

FIND: Net radiation flux to the plates. 

SCHEMATIC: 

■T S =500K 

Qras mixture 
p=2atm,l^=1300K 

ASSUMPTIONS: (1) Steady-state conditions, (2) Furnace wall behaves as a blackbody, (3) O2 and 
N2 are non-radiating, (4) Negligible end effects. 

ANALYSIS: The net radiative flux to a plate is 

qs,i = G s - E s = ^g°" T g - (1 - r g ) °" T s 4 

where G s = £gO"T 4 + r g E s , E s = oT 4 and r g =l-«g(T s ). From Table 13.4,L e = 1.8L= 1.8 x 

0.75 m = 1.35 m = 4.43 ft. Hence p w L e = p c L e = 1.33 atm-ft. From Figs. 3.15 and 3.17 find e w « 0.22 
and s c « 0.16 for p = 1 atm. With (p w + p)/2 = 1.15 atm, Fig. 13.17 yields C w « 1.40 and from Fig. 
13.18, C c « 1.08. Hence, the gas emissivities are 

s w = C w £ w (l atm)* 1.40x0.22 = 0.31 e c = C c s c (l atm) « 1.08x0.16 = 0.17. 

From Fig. 13.19 with p w /(p c + p w ) = 0.5, L e (p c + p w ) = 2.66 atm-ft and T g > 930°C, As « 0.047. 
Hence, from Eq. 13.33, 

e g = s w +s c -Ae* 0.3 1 + 0. 17 -0.047 -0.43. 

To evaluate a g at T s , use Eq. 13.38 with 

«w =C W (T g /T s )°' 45 s w (T s ,p w L 2 T s /T g ) = C w (1300 /500) 045 s w (500, 0.5l) 
a w ~1.40(l300/500) 0 - 45 0.22 = 0.47 

a c =C C (1300/ 500) 0 45 s c (500, 0.5l) * 1 .08(1 300 /500) 045 0.11 = 0.18. 

From Fig. 13.19, with T g * 125°C and L e (p w + p c ) = 2.66 atm-ft, Aa = As * 0.024. Hence 
oc g =a w +a c -Aa~ 0.47 + 0.18 -0.024 -0.63 and r g = 1 - a g * 0.37. 

Hence, the heat flux from Eq. (1) is 

q^ = 0.43 x 5.67 x 10" 8 W / m 2 • K 4 (1300 K) 4 - 0.63 x 5.67 x 10" 8 W / m 2 • K 4 (500 K) 4 

qs 4 «67.4 kW/m 2 . 

2 

The net radiative flux to both plates is then q^ 2 ~ 134.8 kW / m . < 
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PROBLEM 13.129 

KNOWN: Flow rate, temperature, pressure and composition of exhaust gas in pipe of prescribed 
diameter. Velocity and temperature of external coolant. 

FIND: Pipe wall temperature and heat flux. 

SCHEMATIC: 

T a ,z--1.0 ^ /-D=0.Z3m 

Combustion products 

p-latm ill L „ ... _. 

teo z P Hz0 Vl «L %JW c.o <— T :300< 

T 9 = T m =2000K ^ - > ' 

m = O.ZSk S /s 

ASSUMPTIONS: (1) L/D » 1 (infinitely long pipe), (2) Negligible axial gradient for gas 
temperature, (3) Gas is in fully developed flow, (4) Gas thermophysical properties are those of air, (5) 
Negligible pipe wall thermal resistance, (6) Negligible pipe wall emission. 

PROPERTIES: Table A-4: Air (T m = 2000 K, 1 atm): p = 0.174 kg/m 3 , li = 689 x 10" 7 kg/m-s, k = 

0.137 W/m-K, Pr = 0.672; Table A-6: Water (T^ = 300 K): p = 997 kg/m 3 , li = 855 x 10" 6 kg/s-m, k 
= 0.613 W/m-K,Pr = 5.83. 

ANALYSIS: Performing an energy balance for a control surface about the pipe wall, 

q r +q c ,i =q c , 0 

£ g c7Tg + hi (T m - T s ) = h 0 (T s - ) 



The gas emissivity is 
where 



L e = 0.95D = 0.238 m = 0.799 ft 

p c L e = p w L e = 0. 1 atm x 0.238 m = 0.0238 atm - m = 0.0779 atm - ft 

and from Fig. 13.15 -> e w * 0.017; Fig. 13.17 -> s c « 0.031; Fig. 13.19 As « 0.001. Hence s g = 
0.047. Estimating the internal flow convection coefficient, find 

4 m 4x0.25 kg /s 
Re D = = — = 18,480 

n (0.25 m) 689 x 10" 7 kg / m • s 

and for turbulent flow, 

Nu D =0.023 ReJ/ 5 Pr 03 = 0.023(l8,480) 4/5 (0.672) 03 =52.9 

h, = Nu D ^ = 52.9 °-' 37W/l - K = 29.0W/ m 2 .K. 
D 0.25 m 

Continued 
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PROBLEM 13.129 (Cont.) 

Estimating the external convection coefficient, find 

pVD 997 kg/m 3 x0.3 m/sx0.25 m n Aer 
Re D = = — = 87,456. 

M 855xl0" 6 kg/s-m 

Hence 

Nu~ D =0.26 Reg 6 Pr°' 37 (Pr/Pr s ) 1/4 . 
Assuming Pr/Pr s « 1 , 

Nu D =0.26(87,456) a6 (5.83) 0 - 37 =461 

h G = Nu D (k/D) = 461(0.613 W/m-K/0.25 m) = 1129 W/m 2 • K. 
Substituting numerical values in the energy balance, find 

0.047 x 5.67 x 10" 8 W / m 2 • K 4 (2000 K) 4 + 29 W / m 2 • K (2000 -T S )K 

= 1129 W/m 2 -K(T s -300)K 

T s = 380 K. < 
The heat flux due to convection is 

qc,i = h i( T m- T s) = 29 W / m 2 • K (2000- 379.4) K = 46, 997 W/m 2 
and the total heat flux is 

qs -q r +qc,i =42,638 + 46,997 = 89,640 W/m 2 . < 

COMMENTS: Contributions of gas radiation and convection to the wall heat flux are approximately 
the same. Small value of T s justifies neglecting emission from the pipe wall to the gas. Pr s = 1.62 for 
T s = 380 — > (Pr/Pr s )l/4 = 1.38. Hence the value of h 0 should be corrected. The value would T, and 

T s would -l. 
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PROBLEM 13.130 

KNOWN: Flowrate, composition and temperature of flue gas passing through inner tube of an 
annular waste heat boiler. Boiler dimensions. Steam pressure. 

FIND: Rate at which saturated liquid can be converted to saturated vapor, rh s . 
SCHEMATIC: 




ASSUMPTIONS: (1) Inner wall is thin and steam side convection coefficient is very large; hence T s 
= T sat (2.455 bar), (2) For calculation of gas radiation, inner tube is assumed infinitely long and gas is 
approximated as isothermal at T g . 

PROPERTIES: Flue gas (given): li = 530 x 10" ? kg/s-m, k = 0.091 W/m-K, Pr = 0.70; Table A-6, 
Saturated water (2.455 bar): T s = 400 K, h fg = 2183 kJ/kg. 

ANALYSIS: The steam generation rate is 
m s = q / hfg = (q conv + q rad ) / h fg 

where 

qrad = ^^(^gTg -«g T s 4 ) 

with 

£g = s w + s c - As oig = a w + a c - Aa. 

From Table 13.4, find L e = 0.95D = 0.95 m = 3.117 ft. Hence 
p w L e =0.2 atmx3.117 ft = 0.623 ft-atm 

p c L e =0.1 atmx3.117 ft = 0.312 ft-atm. 

From Fig. 13.15, find s w * 0.13 and Fig. 13.17 find s c * 0.095. With p w /(p c + p w ) = 0.67 and L e (p w + 
p c ) = 0.935 ft-atm, from Fig. 13.19 find As * 0.036 * Aa. Hence s g * 0.13 + 0.095 - 0.036 = 0.189. 
Also, with p w L e (T s /T g ) = 0.2 atm x 0.95 m(400/1400) = 0.178 ft-atm and T s = 400 K, Fig. 13.15 
yields s w * 0.14. With p c L e (T s /T g ) = 0.1 atm x 0.95 m(400/1400) = 0.089 ft-atm and T s = 400 K, Fig. 
13.17 yields s c * 0.067. Hence 

s w = (Tg /T s j £ w \T S , p w L e T s / Tg j 
a w =(l400/400) 045 0.14 = 0.246 

and 

( \ 0 - 65 ( \ 
a c = ( T g I T s j £ c ( T s . Pc L e T s / T g j 

Continued 
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PROBLEM 13.130 (Cont.) 

a c =(l400/400)°- 65 0.067 = 0.151 
a g =0.246 + 0.151-0.036 = 0.361. 

Hence 

q rad =n{\ m)7 mx5.67xlO~ 8 W/m 2 -K 4 0.189(1400 K) 4 -0.361(400 K) 4 

q rad =(905.3 -11.5) kW = 893.8 kW. 
For convection, 

qconv = h^-DL^Tg -T s ) 

with 

4rii 4x2 kg / s 
Re D = = = 48,047 

^-xlmx530xl0 kg/s-m 
and assuming fully developed turbulent flow throughout the tube, the Dittus-Boelter correlation gives 

Nu D = 0.023 Rep 5 Pr 03 =0.023(48, 047 ) 4/5 (0.70) 03 =115 
h = (k/D)Nu D =(0.091 W/m-K/1 m)ll5 = 10.5 W/m 2 -K. 

Hence 

q conv =10.5 W/m 2 K^(l m)7 m (1400- 400) K = 230.1 kW 
and the vapor production rate is 

q _ (893.8 + 230. l)kW _ 1123.9 kW 



h fg 2183kJ/kg 2183kJ/kg 



rh s =0.515 kg/s. < 

COMMENTS: (1) Heat transfer is dominated by radiation, which is typical of heat recovery devices 
having a large gas volume. 

(2) A more detailed analysis would account for radiation exchange involving the ends (upstream and 
downstream) of the inner tube. 

(3) Using a representative specific heat of c p = 1.2 kJ/kg-K, the temperature drop of the gas passing 
through the tube would be AT g = 1 123.9 kW/(2 kg/s x 1.2 kJ/kg-K) = 468 K. 
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PROBLEM 13.131 

KNOWN: Wet newsprint moving through a drying oven. 

FIND: Required evaporation rate, air velocity and oven temperature 

SCHEMATIC: 

-/ h 



T=300K 
P--Iafm 
0=0.20 




Dry 

newsprint 



-L=20w— 
. x M--0.Zm/s | 



"Hf newsprint 
^1 A 




■mm- 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible freestream turbulence, (3) Heat and 
mass transfer analogy applicable, (4) Oven and newsprint surfaces are diffuse gray, (5) Oven end 
effects negligible. 

PROPERTIES: Table A-6, Water vapor (300 K, 1 atm): p sat = l/v g = 0.0256 kg/m 3 , h fg = 2438 
kJ/kg; Table A-4, Air (300 K, 1 atm): v = 15.89 x 10" 6 m 2 /s; Table A-8, Water vapor-air (300 K, 1 
atm): D A b = 0.26 x 10" 4 m 2 /s, S c = v/D A b = 0.611. 

ANALYSIS: The evaporation rate required to completely dry the newsprint having a water content of 
„ 2 

m a = 0.02 kg/m as it enters the oven (x = L) follows from a species balance on the newsprint. 
M l -M 0 -Ma s =o. 




M A,in- M A,out = M st 



The rate at which moisture enters in the newsprint is 
M L = m A VW 

hence, 

M A,s = m A VW = 0.02kg/m 2 x0.2m/sxl m - 4x 10" 3 kg/s. < 

The required velocity of the airstream through the oven, Uoo, can be determined from a convection 
analysis. From the rate equation, 

M A ,s = h m WL(^ A s -p A ,oo) = VWLp A sat (l-^oo) 
V = M A , s / WL/) A sat (1 - ^oo ) 

h m =4xl0" 3 kg/s/l mx20 mxO.0256 kg /m 3 (l -0.2) = 9.77 x 10" 3 m/s. 

Now determine what flow velocity is required to produce such a coefficient. Assume flow over a flat 
plate with 



,-3 



-4 2 



Sh =h m L/ =9.77x10 m/sx 20 m/0.26x 10 m /s = 7515 



Continued 
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PROBLEM 13.131 (Cont.) 



and 



Re L 



Sh L /0.664Sc 



1/3 



7515/0.664(0.611) 



1/3 



1.78x10° 



Since ReL > ReLc = 5x10 , the flow must be turbulent. Using the correlation for mixed laminar and 
turbulent flow conditions, find 



Re 4 L ' 5 - 



D 4/5 
Re L 



Sh L /Sc 1/3 + 871 



7515/(0.61l) 1/3 + 871 



/ 0.037 

/ 0.037 



Re L =5.95x10° 

noting ReL > ReLc- Recognize that u^ is the velocity relative to the newsprint, 

u£, =Re L WL = 5.95xl0 6 xl5.89xl0" 6 m 2 /s/20m = 4.73 m/s. 
The air velocity relative to the oven will be, 

Uqo = u« -V = (4.73 -0.2)m/s = 4.53 m/s. 

The temperature required of the oven surface follows 
from an energy balance on the newsprint. Find 

^in ~~ E out = 0 
Irad ~~ levap = 0 




where 



qevap = M A,s h fg =4.0x10 3 kg/sx2438xl0 3 J/kg = 9752 W 



and the radiation exchange is that for a two surface enclosure, Eq. 13.18, 

„lf-T?) 



qrad = 



(l-£ l )/£ l A l + l/A l F [2 +(l-£ 2 )/£ 2 A 2 ' 

A 2 = WL, ¥ 21 = 1, and A 1 F 12 = A 2 F2! = WL 



Evaluate, 

Aj =tcI2 WL, 

hence, with si = 0.8, 

q rad = ( xWL(T 1 4 -T 2 4 )/[(l/2^) + l] 

T 1 4 =T 2 *+q rad [(l/2^) + l]/ < 7WL 

T 4 =(300 K) 4 +9752 W[(l/2^ + l)]/5.67xl0" 8 W/m 2 -K 4 xl mx20 m 
Tj = 367 K. 

COMMENTS: Note that there is no convection heat transfer since T^ = T s = 300 K. 
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PROBLEM 13.132 



KNOWN: Configuration of grain dryer. Emissivities of grain bed and heater surface. Temperature 
of grain. 

FIND: (a)Temperature of heater required for specified drying rate, (b) Convection mass transfer 
coefficient required to sustain evaporation, (c) Validity of assuming negligible convection heat 
transfer. 



SCHEMATIC: 



R= 1 m 



Dry air 



Heater 
7p, s p = 0.8 




Grain 

T g = 330 K, Eg = 0.9 



ASSUMPTIONS: (1) Diffuse/gray surfaces, (2) Oven wall is a reradiating surface, (3) Negligible 
convection heat transfer, (4) Applicability of heat/mass transfer analogy, (5) Air is dry. 

PROPERTIES: Table A-6, saturated water (T = 330 K): v g = 8.82 m 3 /kg, h fg = 2.366 x 10 6 J/kg. 
Table A-4, air (assume T * 300 K): p = 1.614 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10" 6 m 2 /s. Table 
A-8, H 2 0(v) - air (T = 298 K): D AB = 0.26 x 10" 4 m 2 /s. 

ANALYSIS: (a) Neglecting convection, the energy required for evaporation must be supplied by net 
radiation transfer from the heater plate to the grain bed. Hence, 

q; ad = m; vap h fg =(2.5 kg/h-m)(2.366xl0 6 J/kg)/3600s/h = 1643 W/m 
where q^j is given by Eq. 13.25. With A p = A g = A', 



qrad 



A '( E bp ~ E bg) 



l-e„ 



\-£ r 



- + - 



- + - 



F pg + 



(l/F pR ) + (l/F gR )" 



where A' = R = 1 m, F pg - 0 and F p R = F g R - 1. Hence, 



qrad 



o-|Tp -320 4 



0.25 + 2 + 0.111 



2.40 



xlO 8 ^Tp -320 4 j = 1643 W/m 



2.40x10 8 Tp -2518 = 1643 



T p = 530 K 



(b) The evaporation rate is given by Eq. 6.12, and with A^ = 1 m, n^ = rhg va p, and pa,oo = 0, 



Continued 
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PROBLEM 13.132 (Cont.) 

n' A n A v g 2.5kg/ h-m 1 m 3 _ 3 

h m = ; A = ^7^ = x x8.82 = 6.13x10 "m/s 

Aj/> As A' s lm 3600 s kg 

(c) From the heat and mass transfer analogy, Eq. 6.60, 

where Le = a/D AB = 22.5/26.0 = 0.865. Hence 

h = 6.13xl0" 3 m/s(l.l61kg/m 3 Jl007 J/kg • K(0.865) 2/3 = 6.5 W/m 2 -K. 
The corresponding convection heat transfer rate is 

qconv =hA'(T g -T 00 ) = 6.5W/m 2 -K(l m)(330-300)K = 195W/m 
Since q^-onv K< Irad > tne assumption of negligible convection heat transfer is reasonable. 
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PROBLEM 13.133 

KNOWN: Diameters of coaxial cylindrical drum and heater. Heater emissivity. Temperature and 
emissivity of pellets covering bottom half of drum. Convection mass transfer coefficient associated 
with flow of dry air over the pellets. 

FIND: (a) Evaporation rate per unit length of drum, (b) Surface temperatures of heater and top half of 
drum. 

SCHEMATIC: 

Drum, T d — v /- Heater, T h 

D d =1.0m V -V D h = 0.10 m,£ h = 0.8 

Id' • A Pellets, p A , sat 

W^qevapV T p = 325 K, Sp = 0.95 

^tA'^Sf h m = 0.024 m/s 



ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from ends of drum, (3) Diffuse-gray 
surface behavior, (4) Negligible heat loss from the drum to the surroundings, (5) Negligible 
convection heat transfer from interior surfaces of the drum, (6) Pellet surface area corresponds to that 
of bottom half of drum. 

PROPERTIES Table A-6, sat. water (T = 325 K): /? A sat = v~ 1 = 0.0904 kg/m 3 , h fg = 2378 kJ/kg. 
ANALYSIS: (a) The evaporation rate is 

n A = h m (5 D d 1 2 ) PA,sat ( T p ) " PA,oo 

n A = 0.024 m / s {n x lm / 2) x 0.0904 kg / m 3 = 0.0034 1 kg / s • m < 
(b) From an energy balance on the surface of the pellets, 

q p = qevap = n A h fg =0.00341 kg/s -mx 2.378 xlO 6 J /kg = 8109 W/m < 

where q^ may be determined from analysis of radiation transfer in a three surface enclosure. Since 

the top half of the enclosure may be treated as reradiating, net radiation transfer to the pellets may be 
obtained from Eq. 13.25, which takes the form 



q p 



E bh ~ E bp 



l-s h 



\-E r 



£hA ' h AhFhp+^l/AhFh^ + ^/ApFpd)" 
where F^p = F^d = 0.5, = n and A p = n Dd / 2. 
The view factor F pc j may be obtained from the summation rule, 
Fpd = 1 — Fph — Fpp 



■ + - 



-1 f A' 
6 p ^p 



Continued 
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PROBLEM 13.133 (Cont.) 

where F ph = A h / A p = (n D h x 0.5) / {n D d / 2) = 0. 10 and 



1/2 



F pp =\-{lln)\ 1-(0.1) Z +0.1 sin ^O.l^O^O 



Hence, F pt j = 1 - 0.10 - 0.360 = 0.540, and the expression for the heat rate yields 

tikk -<TI K x4 

8109 W/m = 



E bh -a(325 K)' 



0.25 
^"xO.lm 



- + - 



1 



- + - 



0.053 



;H0.1mx0.5 + 



(0.1mx0.5) l + (0.5m x 0.54)' 



-1 



-1 ;rx0.5m 



E bh = oTjJ = 35,359 W/m 2 



T h =889 K 
Applying Eq. (13.13) to surfaces h and p, 

Jh = E bh-qh (l-«h)/«h A h =35,359 W/m 2 -6,453 W/m 2 = 28,906 W/m 2 

Jp = E bp+q P (l-fipWp A p =633 W/m 2 +272 W/m 2 =905 W/m 2 
Hence, from 

Jh-Jd J d" J p 



(AhRhd)" 1 (ApFpd)" 1 



= 0 



28,906 W/m 2 - J d J d -905 W/m 2 



= 0 



(;rx0.1mx0.5) 1 (^x0.5mx0.54) 1 
J d=C rT^ = 24,530 W/m 2 

T d =811K < 

COMMENTS: The required value of Th could be reduced by increasing Dh, although care must be 
taken to prevent contact of the plastic with the heater. 
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PROBLEM 14.1 

KNOWN: Mixture of O] and NT; with partial pre ^ures in the ratio 0.21 to 0.79. 

FES'D : Mass fraction of each species in the mixture. 

SCHEMATIC: 




ASSUMPTIONS : (L) Perfect gas behavior. 
ANALYSIS: From the definition of the mass fraction, 

P 

Hence, with 

_ Pi _ Pi _ flijPi 

Hence 

.V.pj . 'KT 

or. cancelling terms and dividing numerator and denominator by the total pressure p. 

mi = — — — . 
With the mole fractions as 

X N 2 =^N 2 /p = 0.79, 
find the ma ss fractions as 

32x0.21 



32x0.21 + 28x0.79 



0.233 < 
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PROBLEM 14.2 

KNOWN: Partial pressures and temperature for a mixture of CO2 and N7. 

FUND: Molar concentration ma is density, mole fraction and mass fraction of eacli species. 

SCHEMATIC: 




A -» C0 2 , M A = 44 kg / kmol 
B — >N 2 ,^b = 28 kg/ kmol 



ASSUMPTIONS: (1) Perfect gas behavior 
ANALYSIS: From the equation of state for an ideal gas, 

C _ Pi 

1 SRT' 

Hence, with pa = Pb, 

Ca =Cg = L^£ 

S.314xl0~ 2 m 3 -bar/kniol-Kx298 K 

C A = C B = 0 040 kmol/ m 3 . < 
With p x = Mf, v it follows that 

p A = 44 kg / kmol x 0.04 kmol/ m 3 = 1 . 78 kg / m 3 < 

p% = 28 kg / kmol x 0.04 kmol / m 3 = 1 . 13 kg / m 3 . < 
Also, ".ii rh 

find 

x A =x B =0.04/0.08 = 0.5 < 

and with 

mi = Pi^Pi 

find 

m A =1.78/(1.78 +1.13) =0.61 < 
m B = 1.13/(1.78 + 1.13) = 0.39. < 
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PROBLEM 14.3 

KNOWN: He-Xe mixture containing 0.75 mole fraction of He at 300 K and 1 atm. 

FIND: Mass fraction of He and mixture mass density, molar concentration and molecular 
weight. Mass of coolant in 10 liters. 

SCHEMATIC: 




ASSUMPTIONS : Ideal gas mixture. 

PROPERTIES: iW He = 4 kg / knio.1 . Jtf Xe =131.3 kg /kmol 

ANALYSIS: Tlie molar concentration of the mixture can be found directly from the ideal gas 
law, in the form 

C = -5- = — 1 atm = 0.0406 kmol/m 3 < 

^ T 8.205 x 10 1 m J ■ atm / kmol ■ K x 300 K 

The mass density of one component in a mixture can be related to the mole fraction by combining 
Eqs. 14.1 1 and 14.1 to yield 

Pi = St^C 
For He this results in 

p He = 4 kg / kmol x 0.75 x 0.0406 kmol/ m 3 = 0. 1 2 1 9 kg /m 3 
Then the total mas; density can be found by summing the species mass densities, 

P = Z Pi = C Z ^i x i = °- 0406 [ 4 k S '''' 101101 *" 0.75 + 1 3 1.3 kg / kmol x 0.25] 
i i 

p = 1.455 kg /m 3 < 
Thus the helium mass fraction is 

gH, = 0.1219 W =0JB7 < 
P 1.455 kg/m 5 

Finally, the molecular weight of the mixture can be found from 

Continued... 
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PROBLEM 14.3 {Cant.) 



p 1.455 kg/m 3 

5tf = — = = 33.8 kg / kmol < 

c Q .0406 kmol /m : 

Filially, the mass corresponding to a 10 liter cooling system capacity would be 

M = pV = 1 .455 kg/in 3 x 1 0 liters x 1 0" 3 mVlrier = 0.0146 kg < 

COMMENTS: (1) As you may recall from dimnodynaniics, the molar concentration of an 
ideal gas is a function only of pressure and temperature, independent of the species. (2) The mass 
fraction of helium is much less than its mole fraction because its molecular weight is so much less 
than that of xenon. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 14.4 

KNQWX: Mole fraction (or mass fraction) arid molecular weight of each species in a mixture of n 
specie 5. Equal mole fractions (or mass fractions) of O], and CO) in a mixture. 

FLSD: 

SCHEMATIC: 



Species 
1.2*... i t ... 77 



m 02 = m N2 = m COi = °- 3 3 3 

™co 2 = 44 

iWQ 2 = 32, af Nl = 28 



ASSUMPTIONS: (L) Perfect gas behavior. 
ANALYSIS: (a) With 

m . _A_ Pi Pi P-." _ Pt^/^T 
1 P Zfl SPi /R ! T V Pl ^'Si~ 
1 1 i 

and dividing numerator arid denotninator by the total pressure p, 

i 

Similarly, 

i i 1 

or. dividing numerator and denominator bv the total densitv p 



1 — -n , 

Z l "i • ^ 



1 

(b; With 

iWb,x 0 , +^x, x N^ + ^CO, x CO, =32x0.3.13*28x0.333 + 44x0.333 = 34.6 



Wit!: 



find 



mo 2 =0.31, m K2 =0.27, m C o 2 =0.42. 



mo 2 • *0 2 + ^N 2 /«N 2 +mco 2 /5Wc 02 =0.333/32 + 0.333/28*0.333/44 
mo 2 = 2.987 xl0~ 2 



xq 2 =0.35, x N2 =0.40, x C q 2 =0.25. 
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PROBLEM 14.5 

KNOWN: Air is enclosed at uniform pressure in a vertical, cylindrical container whose top and 
bottom surfaces are maintained at different temperatures. 

FEND : (a) Conditions in air when bottom surface is colder than top surface, (b) Conditions when 
bottom surface is hotter than top surface. 

SCHEMATIC: 




ASSUMPTIONS : (1) Uniform pressure, (2) Perfect gas behavior. 

ANALYSIS: (a) If Tj > Tj, the axial temperature gradient (dT/dx) will result in an axial density 
gradient. However, since dp/dx < 0 there will be no buoyancy driven, convective motion of the 
mixture . 

There will also be axial species density gradients. dpQ~, / dx and dp^^ /dx. However, there is no 

gradient associated with the mass fractions ( dtiiQ^ / dx = 0, dm^ /dx = 0 j. Hence, from Fick's 
law. Eq. 14.12, there is no mass transfer by diffusion. 

(b) If T[ <Tj' dp / dx > 0 and there may be a buoyancy driven, convective motion of the mixture. 

However, dmQ^ / dx = 0 and dm\j 1 /dx = 0, and there is still no mass transfer. Hence, although 

there is motion of each species with the convective motion of the mixture, there is no relative motion 
between species. 

COMMENTS: The commonly used special case of Fick's law, 

would be inappropriate for this problem since pis not uniform. If applied, this special case indicates 
that mass transfer would occur, thereby providing an incorrect result. 
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PROBLEM 14.6 

KNOW?**: Mass diffusion coefficients of nvo biliary mixtures at a given temperature, 298 K. 
FIND : Mass diffusion coefficients at a different temperature, T = 350 K. 
ASSUMPTIONS: (a) Ideal gas behavior, (b) Mixtures at 1 atm total pressure. 

PROPERTIES: Table. AS. Ammonia-air binary mixture (298 K). D A b = 0.28 x 1 0" 4 m 2 /s, 

4 2. 

Hydrogen-air binary mixture (298 K). Has = 0-41 x 10 m /&. 

ANALYSIS: According to treatment of Section 14.1.4, assuming ideal gas behavior, 

Dab~t 3/2 

where T is in kelvm units. It follows then, that for 

NH 3 -Air: 0^(350 K)= 0.28x10^ m 2 /s(350 K/298K) 372 

D Ab( 350 K) = 0.36xl0 _4 m 2 /s 

H 2 - Air : D^g (3 50 K) = 0.41x1 0^ m 2 / s (350 / 298) 3/ 2 

D Ab( 350 K)= 0.52x10^ m 2 /s 
C OMMENTS: Since the H2 molecule is smaller than the KH3 molecule, it follows that 

D H 2 -Air >D ^3-.^ 
as indeed the numerical data indicate. 
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PROBLEM 14.7 

KNOWN: "The inner and outer surfaces of an iron cylinder of 100-rmn length are exposed to a 
carburizing gas (mixtures of CO and CO2). Observed experimental data 011 the variation of the carbon 
composition (weight carbon, %) in the iron at 1000°C as a function of radius. Carbon flow rate under 
steady- state conditions. 

FES'D : (a) Beginning with Fick's law. show that dp c / d( fn( r}J 1^ a constant if the diffusion 

coefficient, Dc_Fe- K a constant; sketch of the carbon mass density. p c (r), as function of ln(r) for such 
a diffusion process; (b) Create a graph for the experimental data and determine whether Dc_Fe fortius 
diffusion process is constant, increases or decreases with increasing mass density 7 ; and (c) Using the 
experimental data, calculate and tabulate Hq-Ts f° r selected carbon compositions over the range of the 
experiment. 

SCHEMATIC: 

Iron cylinder, 1000°C 
p c {r), L = 1 00 mm 





f. Carbon flow rale 
3.5x1 CP 3 kg in 100 h 

: 4.30 mm 
r r 0 - 5.70 mm 

3 

PROPERTIES: Iron (1000°C). p = 7730 kg'm'. Experimental observations of carbon composition 

r(mm) 4.49 4.66 4.79 4.91 5.16 5.27 5.40 5.53 

Wt. C (%) 1.42 1 32 1.20 1.09 0.82 0.65 0.46 0.28 

ASSUMPTIONS: (L) Steady-state conditions. (2) One-dimensional, radial diffusion in a stationary 
medium, and (3) Uniform total concentration. 

ANALYSIS: (a) For the one-dimensional, radial (cylindrical) coordinate system, Fick's law is 

JA ~ - D AB A r — j^- (1) 

dr 

where A r = 2thL. For steady-state conditions, j a is constant, and if Dab is constant, the product 

r^Ci (2) 
dr 

must be a constant. Using the differential relation dr.'r = d (lur), it follows that 
so that on a ln(r) plot, px is a straight line. See the graph below for this behavior. 

Continued 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 14.7 (Cont.) 

(b) To determine whether Df-Ft is a constant for the experimental diffusion process, the data are 
represented on a ln(r) coordinate. 



Wt, carbon distribution - experimental observations 



_ i 

■2 O.B 



5.6 



5.2 



























—•—Exp data 











































































1.45 1.5 1.55 1.6 1.65 1.7 1.75 

In (r, mm) 

Since the plot is not linear, Dc_Fe not a constant. From the treatment of part (a), if D_^g is not a 
constant, then 

^cKlnr) - 

must be constant. We conclude that Dc-Fe will be lower at the radial position where the gradient is 
higher. Hence, we expect Dc-Fe to increase with increasing carbon content. 

(c) From a plot of Wt - %C vs. r (not shown), the mass traction gradient is determined at three 
locations and Tick's law is used to calculate the diffusion coefficient. 



A (Wt - % C) 



At 



Jc = -p-A r -D. C - Fe 
where the mass flow rate is 

Jc = 3.6 x 10" 3 kg / 100 h (3600 s/h) = 1 x 10" 8 kg/s 
and p- 7730 kg/m\ density of iron. The results of tins analysis yield, 

Wt - C ;. 3 c) r :. mm ) A Wt-C/Ar (%- ; mm) Dc_ Fe x 1 0 1 1 (rn 2 /s) 



1.5: 

0.955 
0.37 



4.66 
5.04 
5.47 



-0.679 

-LOS 

-L3S5 



6.51 

3.79 
2.72 
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PROBLEM 14,8 



KNOWN: Dimensions of rubber cropper in medicine jar. Molar concentration of medicine 
vapor at top and bottom surfaces. Mass diffusivrty of medicine vapor in rubber. 

FIND : Rate at which medicine vapor exits through the stopper. 

SCHEMATIC: 



D2 = 20 mm 



J A,1 



= 2 x 1 0" J kmol/m 3 - 




L = 20 mm 



Di = 10 mm 

ASSUMPTIONS: (1) Glass neck is impermeable to medicine vapor, thus there is negligible 
mass loss out of slanted surface, {2) One-dimensional mass diffusion, (3) Steady state. (4) 
Constant properties. [5) No chemical reaction. 

PROPERTIES: Medicine vapor-rubber (given): D jiB = 0.2 x 10* m 2 /s. 

ANALYSIS: The analysis follows the "alternative conduction analysis'" approach. For oue- 
dimeusional diffusion in the x-direction, Fick's Law in molar form, Eq. 14.13, reduces to 



dx 



dx 



(1) 



where the total concentration, C , lias been assumed constant. The transfer rate of species A 

-■- 

through the entire stopper cross-section, N j± , can be expressed as N 4 = J^Ac > where A c is 
the cross-sectional area. For steady-state, one-dimensional diffusion with no chemical reaction 
the species transfer rate must be constant. We multiply Eq. (1) by A c , separate variables, and 
integrate between the top and bottom of the stopper, as follows 



N A = J A A c = - D AB A c 



n aJ 0 = - D Ab|' x ^ 2 dc A = D AB( C A1 - C A2> = D AB C A1 
The cross-sectional area is given by 



(2) 



A c = JtR" , where R = Rj + (R 2 - R-l> / L 



Continued... 
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PROBLEM 14.8 (Cont.) 

Tims dx = LdR. ; {R 2 - Ri), and Eq. (2) become* 
r R 2 dR L 



xR 2 R 2 ~ R l 



N A i 1 1 L 



Tims 



n R 2 JR 2 -Rt 



: D AB C A1 



: D AB C A1 



TIX0.2X10 9 m 2 /sx2xl0 3 kmol/m 3 x 0 005 m x 0 01 m 



0.02 in 



N A = 3.14xlO~ 15 kmol/s 



COMMENTS: (1) The assumption of constant concentration, C : is excellent because the 
"mixture" of rubber and medicine vapor would be dominated by the rubber. (2) Using the 
properties of water for the medicine, we can estimate Low much the liquid would be depleted per 
year. The molar loss in one year is 3.14 x 10" 1J kmol/s x 3.15 x 10 7 sat = 9.9 x 10' E kmolyr. If 
the molecular weight i s 18 kgvkmol. the loss would be 1.8 x 10" 5 kg/yr. If the liquid density is 
1000 kg/m , the volume loss would be 1.8 x 10"" rrr/yr. For a bottle cross-sectional area of 2 x 
1 0""" nr. the liquid level would drop by less than 1 fim per year. 
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PROBLEM 14.9 



KNOW N : Evaporation of liquid A into a column containing vapor A and B. Specie? B cannot 
be absorbed in liquid A. 



FIND : The relationship between the ratio of the molar-average velocity to the species velocity of 
species A to the mole fraction of species A. 



SCHEMATIC: 



BlrEfygaE mbcue. A - B 




.que i. 



ASSUMPTIONS: (1) Steady, one-dimensional diffusion (2) No chemical reactions. 



ANALYSIS: From Section 14.2.2, we know that N E (1 = 0 . From Eq. 14.27, 
N^^C^^ and N Bx =C B v Bx =0 or v^ x =0 



(I) 



From Eq. 14.29, 



v x ~ x A T A : x 



(2) 



Therefore 



The relationship is shown m the graph below. 



I 
i 

E 
ii 

? 



2 
■2 




Mae -racdoio' EpecJeiA, sft 



Continued. 
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PROBLEM 14.9 (Cont.) 



COMMENTS: (1) When the mole fraction of Species A is small and Species B is not in 
motion, the molar-average velocity is dominated by Species B and is negligible compared to the 
non-zero specie* velocity of A. In other words, the vapor in the column can be treated as a 
stationary medium since, although Species A is in motion, there is vers' little species A present. 
(2) When the mole fraction of Species A is large, there is very little Species B present, and the 
velocity of the mixture is dominated by the velocity of Species A. Hence, the velocity ratio 
approaches unity as mixture becomes dominated by Species A. 
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PROBLEM 14.10 

KNOWN: Water in an open pan exposed to prescribed ambient conditions. 
FIND : Evaporation rate considering (a) diffusion only and (b) convective effects. 
SCHEMATIC: 

T a> --Z7"C 



ASSUMPTIONS: (L) Steady- state conditions. (2) One-dimensional diffusion, (3) Constant 
properties, (4) Uniform T and p, (5) Perfect gas behavior. 

PROPERTIES: Table AS, Water vapor- air (T = 300 K, 1 atm), Dab = 0-26 x 10" 4 m~'s: Table A-6, 
Water vapor (T = 300 K 1 arm), p, a , = 0.03531 bar. v g = 39.13 m 3 /kg. 

ANALYSIS: (a) The evaporation rate considermg only diffusion follows ffomEq. 14.32 simplified 
for a stationary 1 medium. That is, 

N A: x=Na,xA=-D_ ab A^. 

Recognizing that ^ = p^'PAsat = QV'CA,&Bt> ^ e m1e 14 expressed as 

Na,x = -D.4BA CA ^ l " C ^ =^C A , 3t (1 -fe ) 

0.26xl0^m 2 /s(W4)f0.2m) 2 1 , _g 

N Ak i S i (1-0.25) = 1.037x10 a kmol/ s 

S0xl0~ 3 m 39.13 m 3 /tgxlS kg/kinar 

where C As = l/(v g M A ) with SW A =18 kg /kmol. 

(b)The evaporation rate considering convective effects using Eq. 14.40 is 

N A .x=NA, X -A=^f^h 1 |^AL. 

L 1-k a .o 

Using the perfect gas law. the total concentration of the mixture is 

C = p / <HT = 1.0133 bar / [8.314*1 0~ 2 m 3 - bar / kmol ■ K x 300K J = 0.04063 kmol / m 3 

where p = 1 atm = 1.0133 bar. The mole fractions at x = 0 and x = L are 

PA.s 0.03531 bar nn -,„ . nnra7 

x A0 = - = ——— = 0.0348 x A L =^x A 0 =0.0087. 

p 1.0133 bar 

Hence 

0.04063 kmol/ m 3 x 0.26x1 O^m" /if jt / 4 )( 0.2 in r 1-0.0087 _ S 

N*.= i = 1.107x10 kmol/ s. < 

SOxlO^m 1- 0.0348 

COMMENTS: For tins situation, the advective effect is very small but does tend to increase [by 
1.5%) the evaporation rate as expected. 
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PROBLEM 14.11 

KNOWN": Spherical droplet of liquid A and radius r 0 evaporating into stagnant gas B. 

FEND: Evaporation rate of species A in terms of pA.sn? partial pressure pA(r)= tne total pressure p and 
other pertinent parameters. 

SCHEMATIC: 



Liquid droplet (A) 




ASSUMPTIONS: (L) Steady-state conditions. (2) One-diraeusional. radial, species diffusion, (3) 
Constant properties, including total concentration, (4) Droplet and mutter arr at uniform pressure and 
temperature, (5) Perfect gas behavior. 

ANALYSIS: From Eq. 14.31! for a radial spherical coordinate system, the evaporation rate of liquid 
A into a binary gas mixture A + B is 

Gl L 

where A r = 4tet^ and N^ r = Na, a constant, 

From perfect gas behavior, Ca = PA''''^T m d C = p/9tT : 

N A ( P " PA ) = "Dab ■ 

Separatrng variables, setting definite limits, and integrating 
5RT 1 rr dr _ rPA : r dp A 



P 4^Dab \ f 2 Jp A iQ p_ PA 
find that 

WTl-r 0 .T P-PA 7 o 
where Pa o = PA ) = P.A iar> ^he saturation pressure of liquid A at temperature T. 

COMMENTS: Compare the method of solution and result with the content of Section \42.2, 
Evaporation in a Column. 
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PROBLEM 14.12 



KNOWN: Clean surface with pure steam ha? condensate rate of 0.020 kg/m~-s for the prescribed 
conditions. With the presence of stagnant air in the steam, the condensate surface drops from 28 = C to 
24 ; C and the condensate rate is halved. 

FIND: Partial pressure of air in the air- steam mixture as a function of distance from the condensate 
film. 



SCHEMATIC: 



T(V 



26 





&oo - 
too 




IS y(JZ,) 



ASSUMPTIONS: (1) Steady-state conditions. (2) Constant properties including pressure m air-steam 
mixture, (3) Perfect gas behavior. 

PROPERTIES: Table A-6, Water vapor: p m (28 S C = 301 K) = 0.037S7 bar: Psat (24°C = 297 K) = 
0.02983 bar; Table AS, Water-air (298 K. 1 bar): Dab= 0.26 x 10 m /s. 

ANALYSIS: The partial pressure distribution of the air as a function of distance y can be found from 
the species (A) rate expression, Eq. 14.40, 

N* A , y = ( CD AB / y) m (l - x A . y )/ (l - x^ 0 ) . 
With C = p / 1RT, xg y = 1 — x A y and x;g q =1-x^q recognizing that xg = pfj/p, find 



PB(y) = PB,0- eK p| N A,y 



WT 

pDab 



p Bo =p-p A 0 =p sat (28°C)-p sat (24°C) =(0.03767- 0.02983 )bar = 0.00784 bar. 
With N A .y = - ( 0.020 / 2 ) kg / m 2 ■ s / 2S kg / kmol = 3 .51 x lO^kmol / m 2 ■ s, 
p (y)= 0.0784 barxexp 3.57 xlO^ 4 kmol /m 2 s 



8.314x10 2 m 3 bar/kmol Kx299 K " 



0.03767 bar < 6.902 x 10 



*m 2 /s 



P B (y) = 784 kPaxexp (-0.341 5y) 



■with pa in [kPa] andy m [mm], where T = 26°C = 299 K, the average temperature of the air-steam 



-1 ^3!2 

mixture, and a p T" ~ = 



0.26" x 10 4 nf/s (1/0.03767) (299/298) 3/2 = 6.902 x 10" 4 m%. 



Selected values for the pressure are shown below and the distribution is shown above: 

y(mm) 0 5 10 15 

PB(y)(kPa) 7S4 142 25.8 4.7 

COMMENTS: To minimize inert gas effects, the usual practice is to pass vapor over the surfaces so 
that the mens are eventually collected near the outlet region of the condenser. Our estimate shows that 
the effective region to be swept is approximately 10 mm thick. 
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PROBLEM 14.13 

KXOYV>": Column containing liquid phase of water (A) evaporates into the air (B) flowing over the 
mouth of the column. 



FESD: Evaporation rate of water (kg'h-tn") using the known value of the hinary diffusion coefficient 
for the water vapor - air mixture. 



SCHEMATIC: 



Air (B) 
> 

L = 150 mm 



Chamber 

|j = 2.n a'.:n 
r = 320 K 

{A +■ B) 

Water (A) 



ASSUMPTION'S : (1) Steady- state, one-dimensional diffusion in the column, (2) Constant properties. 
(3) Uniform temperature and pressure throughout the column, (4) Water vapor exhibits ideal gas 
behavior, and (5) Negligible water vapor in the chamber air. 

PROPERTIES: Table A- 6, water (T = 320 K): p 3at = 0.1053 bar; Table AS, water vapor-air (0.25 
atm, 320 K): Since Dab ~ P~* T^' 2 find 

= 0.26 x itT 4 m 2 / s (1.00/0.25) (320/ 298) 3/2 = 1.157 x 10^ m 2 / s 
ANALYSIS: From Eq. 14.40. the molar flow rate per unit area is 



C D 



AB 



ln- 



1-x- 



A,L 



A,X - " y 1 

where C is the mixture concentration determined from the ideal gas law as 



0.25 atm 



8.205 x 1 0 2 in 3 ■ atnrkmol ■ K x 320 K 



= 0.009397 kmol/m 3 



-2 3 

where ^ = 8.205 x 1 0 *" m ■ atnr'kmol - K. The mole fractions at x = 0 and x = L are 
X A L = 0 C 110 water vapor m air above column) 
X A,0 = PA * P = 0.1053/0.25 = 0.4212 
where pa is the saturation pressure for water at T = 320 K. Substituting numerical values 

(1-0) 



0.009397 kmol / m 3 x 1.1 57 x 10~ 4 m 2 / s 



A,x : 



0.150 m 



ln- 



fl -0.4212) 



N Ax = 3.964x10 6 kmol/m 2 -s 



or. on a mass basis 
m 



As ^Ajt^A 



m A,x = 3 964 x 10 6 1(31101 1 m 2 - s x 3 600 s / h x IS kg / kmol 



niA x =0.257 kg/nT -h 
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PROBLEM 14.14 

KNOWN: Three- dimensional diffusion of species A in a stationary medium with chemical reactions. 

FEND : Derive molar form of dif fusi on equation. 

SCHEMATIC: 




ASSUMPTIONS : (1) Uniform total molar concentration. (2) Stationary medium. 

ANALYSIS: The derivation parallels that of Section 14.4.2, except that Eq. 14.43 is applied on a 
molar baiis. That is , 

N A 7 x - N Ay - x A,z + N A.g - N A.x+dx " N A,y+dy " N A,z+dz = N A,st 

With 

£Na x 

N A,x+dx = N A,x+— T^ dx - N A,y+dy=- 
N A ,x = -D AB (dydz)^ = N Aiy = ... 

N ^ g — N ^ ( dxdydz ) , 3t = — dxdydz 

It follows that 

COMMENTS: If Dab 16 constant, the foregoing result reduces to Eq. 14.48b. 
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PROBLEM 14.15 

KNOWN: Gas (A) diffuses through a cylindrical tube wall (B) and experiences chemical reactions at 
a volumetric rate. N A . 

FIND: Differential equation winch governs molar concentration of gas in plastic. 
SCHEMATIC: 




ASSUMPTIONS : (L) One-dimensional radial diffusion, (2) Uniform total molar concentration, (3) 
Stationary medium. 

ANALYSIS: Dividing the species, conservation requirement Eq. 14.43, by the molecular weight, iW^, 
and applying it to a differential control volume of unit length normal to the page. 

N A,r + ^A,g " NA.r-dr = ^A.st 

where 

N Ar = (2m ■ l)NX rr = — 2siDj^0 
N Ar+ dr=N A . r + — ^dr 
NA^=-N A (2sT-dr-l) N A st 

Hence 

-N 4 (2ffrdr ] + 2jD AB ^-f r^ Idr = 2,Trdr^, 
or I cr / 3t 



a[C A (2^rdr-l)] 



D AB g \ T ] at „ _ ^A 
r St ' v or J 



A St 



COM> DINTS: (1) The minus sign in the generation term is necessitated by the fact that the reactions 
deplete the concentration of species A. 

(2) From knowledge of N A (r,t), the foregoing equation could be solved for (r,t). 

(3) Note the agreement between the above result and the one- dimensional form of Eq. 14.49 for 
uniform C 
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PROBLEM 14.16 

KNOWN: One-dimensional, radial diffusion of species A in a stationary, spherical medium with 
chemical reaction;. 

FES'D: Derive appropriate form of diffusion equation. 
SCHEMATIC: 




-n 



AB 




ASSUMPTIONS: (1) One-dimensional, radial diffusion, [2) Uniform total molar concentration, (3) 
Stationary'' medium. 

ANALYSIS: Dividing the species conservation requirement. Eq. 14.43. by the molecular weight, Mx, 
and applying it to the diffeiential control volume, it follows that 



N A,r + N A,g- N A,r+dr = ^A.st 



X: 



ivhere 



N A.r = - D AB 4 - r 



2 cC A 



SN Ar 

N A,r+dr = N A,r + ^ ' & 



N A g=N A (4« 2 dr), 



N A . 



C A |4,Tr 2 dr)] 



st 



at 



Hence 



N A jWdr) + 4,T Af DAB r 2 V = 4^r 2 ^ dr 
V i dr '. dr J dt 



1 of n t 2 3C A ) 



<?C A 



T 2 & ^"-rj +K A = a 

CO^DEENTS: Equation 14.50 reduces to the foregoing result if C is independent of r and variations 
in <j> and 8 are negligible. 
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PROBLEM 14.17 

KNOWN: Pressure and temperature of hydrogen stored in a spherical steel tank of prescribed 
diameter and thickness. 

FIND : (a) Initial rate of hydrogen mass loss from the tank, (b) Initial rate of pressure drop in the tank. 
SCHEMATIC: 

&^100mm-\. / — Hydrogen (A) 
C Ao --1.5kmoi/77j3 — T=300K 




,r b2mm 77? A =Zk$fkmof 



ASSUMPTIONS: (1) One-dimensional species diffusion in a stationary medium, (2) Uniform total 
molar concentration, C, (3) No chemical reactions. 

ANALYSIS: (a) From Table 14.1 



N A: r = 



Vdif (I.MiDab)^/!. -l/r 0 ) 
4jt j 0.3 x 1 (T 12 in 2 / s ) 1 .5 kmol / m 3 



N A r = '— '- = 7 35 < 10 LZ kmol/ s 

■ (1/0.05 m- 1/0.052 m) 



11 A r = ^ f A N A r = 2 k S >' kllao1 x 7 35 K 10 12 kmo1 / s = 14.7 x 10 12 kg / s. < 
(b) Applying a species balance to a control volume about the hydrogen, 
M A= sr =-^a.out = - n Ar 

d(p A V) ,tD 3 Ap^ ,tD 3 dp A tD 3 .^ dp A 

^"1 . : -t — = = = ~ 

• dt 6 dt 6R A T dt 63iT dt 

Hence 

. 6fo.08314m 3 -b.ar/kmol-K'|(300 K) 

= -^^n Ar = -J £ WxlO^kg/s 

dt ,TD 3 flr A jT(0.1m) J 2 kg /kmol 

^^ = -3.50xlO" 7 bar/s. < 
dt 

COMMENTS; If the spherical shell is apposimated as a plane wall, N a . 5 = Dab(Ca.o) tiDTL = 7.07 
-12 

x 10' 1 kind's. This result is 4% loiver than that associated with the spherical shell calculation. 
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PROBLEM 14.18 

KNOWN: Molar colic entrations of helium at the inner and outer surfaces of a plastic tnembrane. 
Diffusion coefficient and membrane thickness. 

FIND: Molar diffusion flux. 

SCHEMATIC: 



L= 0.001m 



C^O.OZkmoff™* 




C^ z = 0. OOSkmo/frrj $ 



ASSUMPTION'S: (L) Steady-state conditions. (2) One-dirnensional diffusion in a plane wall, (3) 
Stationary medium, (4) Uniform C = C_\ ~ Cjj. 

ANALYSIS: The molar flux may be obtained fromEq. 14.54. 



N A.x = ( C A;1 - C A;2 ) = 1 U Q QQ " ' 5 (0.02 - 0.005 )kmol / m 3 

N A,x = 1 5 x 1 0" S kmol/ am 2 
COMMENTS: Hie mass flux is 

n A.x = ^A N X,x = 4 k S ■'' k™ 1 x 1 -5 ^ 1 0 -3 kmol / s m 2 = 6 x 1 0 -8 kg / s - m 2 . 



10- fl m 2 /s, 
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PROBLEM 14.19 

KNOWN: Temperature of atmospheric air and water. Percentage by volume of oxygen in the air. 

FEND: (a) Mole and mass fractions of water at the air and water sides of the interface, (b) Mole and 
mass fractions of oxygen in the air and water. 



SCHEMATIC: 



atm 

7'C 



Water (liquid) 

x Os.liq 



T= 17°C 



5W W = 18, .M± = 29 



ASSUMPTIONS: (1) Perfect gas beliavior for air and water vapor, (2) Thermodynamic equilibrium 
at liquid'vapor interface. (3) Dilute concentration of oxygen and other gases in water, (4) Molecular 
weight of air is independent of vapor concentration. 

PROPERTIES: Table A- 6, Saturated water (T = 290 K): p vap = 0.01917 bars. Table A-9._ 0 2 /water, 
H = 37,600 bars. 

ANALYSIS: (a) Assuming ideal gas behavior, pv.-.vap = (NW.i-apV) "HT and p = (N V) 'XT. ir. winch 
case 

x w. vap = :?w -,a P P air ) = (0-01 91 7 / 1 .01 33) = 0.0 1 89 < 

With U% vap = (Av. V3p'' Air) = ( C \v. vap M w'' C air M air) = *w,vap ( M yJ ^ air) ■ Hence, 

m^vap = 0 . 0 1 89 ( 1 8/29) = 0 . 0 1 20 < 
Assuming negligible gas phase concentrations hi the liquid, 

%-,liq = m v.-.]iq = 1 < 

(b) Since the partial volume of a gaseous species is proportional to the number of moles of the species, 
its mole fraction is equivalent to its volume fraction. Hence on the air side of the interface 

x 02air = 0.205 < 
m 02.w = x 0 2air ', '<0 : = 0-205(32/29) = 0.226 < 

The mole fraction of O] in the water is 

x n , ,. = pn-, . / H = 0.208 bars/37. 600 bars = 5.53x 10~ 6 < 
2,liq ^2, air 

where pq, . =xq Patm = 0.205 x 1.0133 bars = 0.2 OS bars. The mass fraction of Ch in the 

z,3ir 2, all' 

water is 

m °2. liq = x 02,Hq (^0 2 / ) = 5 -53 x 10" 6 ( 32 / 1 E ) = 9.83 >= 1 0" 6 < 

C:OMMEN T TS: Tliere is a large discontinuity in the oxygen content between the air and water sides 
of the interface. Despite the low concentration of oxygen in the water, it is sufficient to support the 
life of aquatic organisms. 
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PROBLEM 14.20 

KNOWN: Oxygen pressures on opposite sides of a rubber membrane. 

FIND: (a) Molar diffusion flux of 0\ (b) Molar concentrations of O; outside the rubber. 

SCHEMATIC: 

Rubber (B) 



Oxygen (TV) 
P A f2b*r C A (0}- 



M~L= 0.5mm 



Oxygen (A) 
Pax 



ASSUMPTIONS: (L) One-dimensional, steady-state conditions. (2) Stationary medium of uniform 
total molar concentration. C - C^ + Cq, (3) Perfect gas behavior. 

-9 1 

PROPERTIES: Table AS, Oxygen-rubber (298 K}: Dab = 0 21 x 10 rn~ ; s; Table A- JQ, Oxygen- 
rubber (298 K): S = 3. 1 2 x 1 0" 3 kmoLm 3 bar. 

ANALYSIS: (a) For the assumed conditions 
Na.x=4.x=-DaB^ Ca 



4 A r x — J A r 
From Eq. 14.33 



dx 



■= D AB 



C A (0)-C A (L) 



C A (0) = Sp A1 =6.24x10 3 kmol/m 3 
C A (L) = Sp Ai2 = 3.12xlQ _3 kmol/m 3 



Hence 



J 



N A _ X = 0.21*10 9 iii 2 / s 



N Ax =1.31x10 9 kmol/s m 2 . 



6.24x10 3 -3.12x10 3 |kmol/m 3 



0.0005 m 



(b) From the perfect aas law 
PA.l 



2 bar 



-A.1 



^ T [0.08314 m 3 bar/kmol Kj298 K 



:0.0S07 kmol/rri 



C A,2 = °- 5C A.l = 0.0404 kniol/m J . 

CO^D DINTS: Recognize that the molar concentrations outside the membrane differ from those 
within the membrane: that is, C^i * C A (0) and C A 2 56 Ca(L). 
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PROBLEM 14.21 

KNOWN: Water vapor is transferred through dry wall by diffusion. 
FIND : The mass diffusion rate through a 0 . 0 1 x 3 x 5 m wall . 
SCHEMATIC: 



Dry wait 





ASSUMPTIONS: (1) Steady-state conditions. (2) One-dimensional species diffusion, [3) 
Homogeneous medium. (4) Constant properties, (5) Uniform total molar concentration, (6) Stationary 7 

medium with « 1, (7) Negligible condensation in the dry wall. 



ANALYSIS: From Eq. 14.42, 



N' 



A,x = " CD AB^ = "DAB ^fr = D AB 



C A,1 _C A,2 



FromEq. 14.62 

C A L = Sp A1 = 0.15 =< 10~ 3 kmol/m 3 



C A 2 = ^*PA 2 = 0 kmol/m 



Hence 



N A =10 _9 m 2 /sx 



Q.15<10 3 kmol- m 3 
0.01 m 



Therefore 



= 0.15x10 10 kmol/s m 2 . 



a A = ^ A (A-N A ) = 18kg/kmol=<15 m z x0. 15x10 10 kmol/s m J 



n A =4.05x10 y kg/s. 
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PROBLEM 14.22 



KNOWN": Pressure and temperature of helium in a glass cylinder of LOO rnin inside diameter and 5 
mm thickness. 

FEND : Mass rate of helium loss per unit length. 
SCHEMATIC: 



Helium 
? A>1 =4b*r 
T=Z5*C 




cy finder (BlQOOSm thick 



ASSUMPTIONS : (L) Steady-state conditions., (2) One-dimensional radial diffusion through cylinder 
wall. (3) Negligible end losses, (4) Stationary medium, (5) Uniform total molar concentration. (6) 
Negligible helium concentration outside cylinder. 

PROPERTIES: Table AS, He-SiOn (298 K): D AB * 0.4 x 10" 13 m 2 /s; Table A-10, He-Si0 2 (298 
K): Saj0.45 >; 10"' kmoim" bar. 

ANALYSIS: From Table 14. L 

C A.S1- C A,S2 



N 



A.r 



lu(r 2 /r 1 )/27D AB 



where, from Eq. 14.62. C\ 5 = Sp_i . Hence 

C AS1 = 5p A1 =0.45xl0" 3 kmol/m 3 barx4bar = 1.8xl0~ 3 kmol/m 3 



C A,S2 = SP A,2 =°- 



Heuce 



N A ,r = 



1.8x10 3 kmol/m 3 



m (0.055 / 0. 050 }/2;rj 0.4k 10 13 m 2 /s) 



N Ar = 4.75 x 1 0 1 3 kmal / s - m 
The mass loss is then 



11 A.r = ^ f A N A.r = 4 k ? kmo1 K 4 75 x 1 0 15 kmol/ s ■ m 



14 



n Ar =1.90x10 kg/s-m 
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PROBLEM 14.23 

KNOWN: Temperature and pressure of helium stored in a spherical pyrex container of prescribed 
diameter and wall thickness. 

FES'D : Mass rate of helium loss . 

SCHEMATIC: 

Helium gas (A\ 

Spherical pyrex A ,^^ 1 ^ 100 ^ 
container (B) ^m**^r z =UOmm 

ASSUMPTIONS : (L) Steady- state conditions. (2) Helium loss by one-dimensional diffusion in radial 
direction through the pyres, (3) C = C A + Cb is independent of r r and xa c< 1 , (4) Stationary medium. 

PROPERTIES: Table AS, He-SiO] (293 K): D AB = 0.4 x 10" 13 m 2 /s; Table A-10, He-SiOj (293 
K): S = 0.45 x 10° kmol.'V-bar. 

ANALYSIS: From Table 14. L the molar diffusion rate may be expressed as 

C A,S1 _C A.S2 
N \ r = ' 

where 




**,M =— V —[ ---\ = —i 1 "I — =1 ^ 2 

IzDj^yn t 2 ! 4jr(0.4xlQ~ 13 m 2 /s]'.°- lm 



s. nr 



".nth 



c A.Sl = S PA = 0-45 x 10 3 kniol / m 3 ■ bar x 4 bar = 1 .80 x 1 0 3 kmol / m 3 



C A,S2 = ° 

find 



1.80x10 3 kmol/m 3 , n -ig, 
N Ar = =10 1J kmol/a. 

l.SlxlO L2 s/m 3 



Hence 



n A r = 4f A N A r = 4 ks/molxl0 15 kmol.'s = 4x10 15 kg/s. < 

COMMENTS: Since i\ ^rj, the spherical shell could have been approximated as a plane wall with L 
= 0.01 mand A*4;n£ =0.139 m 2 . From Table 14.1, 



K m.dif 



D AB A (0.4x10 13 m 2 , ; sjf0.137 m 2 J 



MliE = 1.8xlO i2 S /ni 3 and 



N A x = CA - S1 Ca,S2 = 1 — 1 'J:""'-'- km;x. <■. 

R m : dif 1.8x10 s/ in 

Hence the approximation is excellent. 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 14.24 



KNOWN: Pressure and temperature of hydrogen inside and outside of a circular tube. Diffusivity 
and solubility of hydrogen in tube wall of prescribed thickness and diameter. 

FIND : Rate of hydrogen transfer through tube per unit length. 

SCHEMATIC: 



ri-ZOmm- 



mm- 





D AB *lAxW' il m*fs 
S^lSOkmof/m* -aim 



ASSUMPTIONS : (1) Steady diffusion in radial direction, (2) Umfonn total molar concentration in 
wall. (3) No chemical reactions. (4) Stationary 7 medium. 

ANALYSIS: The mass transfer rate per unit tube length is 

N , _ C A (q)-C A (T 2 ) 
^ r ln(r 2 /q)/2iD AB 

where from Eq. 14.62, Ca, s - Sp a , 

3 3 
*~ A ( r l ) = ^PA l =1^0 kniol/m ■ atmx 2 atm = 320 kmol/m 

3 3 
*~ A ( r 2 ) = ^PA 2 = l^O kmol/ m -atmxO.l atm = 16 kmol/m". 



Hence, 



N A .r 



(320-16)kinol."m 3 



304 kmol/m 3 



ln(20.5/20)/2arxl.SxlD U m 2 /s 2.1SxlG 8 s/m 2 



NA ; r=l-39xl0 _t) kmoi/s-m. 
COMMENTS: If the wall were assumed to be plane. 

L 5XKT 4 m 



Rm : dif : 



DAB" TD 1.8x10 1 1 m 2 / sir (0.04 m ) 



= 2.21xl0 8 s/m 2 



which is close to the value of 2. IS x 10 s/m for the cylindrical wall. 
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PROBLEM 14.25 



KNOWN: Thickness of polymer packaging material, temperature and humidity conditions in 
gas on either side of the material. 

FIND: (a) Solubility of the packaging material (b) Total water vapor transfer rate for a material 
that has 10% of the diffusivity of the material m Example 14.3. (c) Total water vapor transfer rate 
for a material that lias 10% the solubility of the material in Example 14.3, (d) Total water vapor 
transfer rare after coating the exterior surface with a thin film to reduce its solubility by a factor of 
9, leaving the interior surface untreated. 



SCHEMATIC: 




Exterior 
T = 2S5K 



ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Stationary' medium. 

PROPERTIES: Table A. 6, water (T = 295 K) = 0 02617 bars. 

ANALYSIS: 

[a) For the exterior Surface 1. p^(x = 0) = t^p^^ = 0.9 >; 0.02617 bars = 0.02355 bars. For the 
interior Surface 2, p A (x = L) = <|hp A ,- t = 0. 1 >: 0.026 1 7 bars = 0.002 SI 7 bars. From Example 

14 3 > C: A.^ = C A.= C X = L) = 0.5 x ID" 3 kmol/W so that 

C A,2 .O.SxltrWm' ^ 
p A (x = L) 0.002617 bar ~ 191 x 10 ~^37~~" 

(b) From Example 14.3, N A ^ = 0.32 xl0' u kmol's . If the diffusivity is reduced to 10% of its 
original value, 

= 0.1N Ax p = 0.1 x0.32 xl0~ 15 krnol/s = 0.32 xl0~ 1<5 kmol/s < 

Continued... 
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PROBLEM I4.2$:ti 



(c) If the sohibiiity is reduced to 10% of its original value at botli surfaces. 
Ca^i = 0.5x10^ kraol / m J and C A-s3 = 4. 5 x 1 (T 1 kmol f m 3 . Hence, 

1^=0.11^,,= 0.32 xl0~ 16 kmoL's < 

(cl) If die solubility" of exterior Surface 1 is reduced by a factor of 9. Ca, s l = Ca.-,:,?9 = 4.5 x 10 _i 
kmol/m 3 /9 = 0.5 x lG" j kmoLiir = C: A . S :. Hence, 

Caji - Ca.e2 = 0 and N Ax = 0 < 

COMMENT: (1) The same value of the solubility may be found in part (a) by 
considering conditions at Surface 1. (2) By manipulating the solubilities of the surfaces 
independently, one may eliminate concentration gradients in the material and, m mm, 
completely eliminate water vapor transfer by diffusion. Materials that have properties 
designed to change through their thickness in order to promote desired behavior are 
known as functionally-graded materials. 
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PROBLEM 14.26 



KNOWN: Dimension^ of sphere containing a pharmaceutical product. Mass loss of sphere over 
specified tune period, mass diffusivity. external conditions. 

FIND: Hie value of the partition coefficient, K. 

SCHEMATIC: 

D Q =5.1 mm 
- D, = 5 mm ■ 

AM = 8.3 ring 
At = 1 week 



= olymer 
material 



= 0.2 x 10-11 m 2/s 




ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Stationary 7 medium. 

PROPERTIES: Pharmaceutical product (given): p, = 1250 kg/m 3 , D AE = 0.2 x 10" l: nr'/s, 

ANALYSIS: By the definition of the partition coefficient provided in the problem statement. 

p p ! = Kp p and p p 7 = Kp p ^ . The mass transfer rate through the polymer is found using the one- 
dimensional species diffusion resistance approach 



K Pp 



,dif 



1 






4-nDjia 




■i) 



AM 



Hence. 
AM 



K = 



Atp, 



4 ^ D AB -. r l hj. 



8.2 x 10^ kg 



7 days x 24 h/day x 3600 s/h x 1250 kg'm 1 L 4tt x 0.2 x 10 : 1 m' > ',. 5 x 10 3 m 5. 1 >: 10 J m , 
= 0.0034 < 
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PROBLEM 14.27 



KNOWN": Dimensions of N =100 closed-end palladium rubes. Hydrogen (Hi) pressures and 
temperature on either side of tube wall. Mass drffusivity of atomic hydrogen (H) through the 
palladium and Sie vert's constant. 

FIND: Hourly production rate of pure hydrogen (HJ. 

SCHEMATIC: 




Impure hydnjgEn Hj 

T = 600 K, P= IStsr, In; = 0 a5 

ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Stationary medium. 

PROPERTIES: Hydrogen (H) in palladium, given; Dab = 7 x 10" 3 m 2 /s. 

ANALYSIS: The concentration of atomic hydrogen (H) on the outer and inner surfaces of the 
tube are 



t (0.85 x 15 bar) 1 2 = 5.00 kniol/m 3 



and 



Ch.I =1-4 ^ nQ |, 7 x(<5 bar) 1 '' 2 = 3.43 kmol/m 3 



The one-dnnensional species diffusion resistances for the wall and end of one tube are 

lnCij/i,) 8xl0~ 3 m+TSxlO" 6 m)/0.8xl0" 3 m] 



and 



2-ir.LD, 



2jtx80xlO" 3 mx7x!0" 9 m 2 /s 



'-= 2S.5 -10- t nf 



75 :10 • m 



-= 5.33 x l(f s/m 3 



D m A c 7xl0" 9 m 3 /sxrex(0.&xl0 J m) 3 
The molar transfer rate of atomic hydrogen (H) in one tube is therefore 



Continued. . 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 14.2^ (t out.) 



(5.00-3.43)^1 (5.00-3.43)-^ y { 

N H = + r ^ = 6l.9xlO~ 9 

25.5* LO 6 ^ 5.33 xlO 9 ^ s 

The molar transfer rate of molecular hydrogen (Hj) is therefore Ne; = 0.5Nh = 30.95 kmol/s 
The total production rate. Nh2. : , in ka.'n is 

N H 2.,= X H : x ^4:: x N >: t = 30.95 kmol/s x 2kg--'kmol x 3 GOO s/h x 100 tubes =0.022 kg/h < 



Comments: (1) The concentrations of hydrogen (H;) iu the gas streams are 0.25 kmol/ni" and 
0.12 kmol/nr\ respectively. (2) Palladium and other nanostructured materials, such as carbon 
nanotubes. can store very high concentrations of hydrogen within then atomic matrix. 
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PROBLEM 14.28 

KNOWN: Conditions of the exhaust gas passing over a catalytic surface for the removal of NO. 
FIND: (a) Mole fraction of NO at the catalytic surface, (b) NO removal rate. 
SCHEMATIC: 

> Exhaust gases 

T:50dC lP =LZb3r 

Cefsiytic surface,-. H f»° * ^tiure. D^lCT V/s 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species diffusion thiouglithe 
film, (3) Effects of bulk motion on NO transfer in the film are negligible (stationary medium). (4) No 
homogeneous reactions of NO within the film, (5) Constant properties, including the total molar 
concentration, C, throughout the film. 

ANALYSIS: Subject to the above assumptions, die transfer of species A (NO) is governed by 
diffusion in a stationary 7 medium, and the desired results are obtained from Eqs. 14.69 and 14.70. 
Hence 

= r X A s = i — n — = 0.10 < - 

X A,L 1 + (Lkf / Dj^ ) ' 1 + 0.001 m x 0.05 m / s/ 1 0^ / s 

Also 

k[Cx AL 



Na,s=- 



l + (LkI/DAB) 
where, from the equation of state for a perfect gas, 

C = -H- = _ 1 L2bar = 0.0187 kmol/ m 3 . 

8.314x10 ~ m ■ bar / kmol ■ K x 773 K 

Hence 

0.05 m/sx 0.01 87 kmol/ m 3 x 0.15 „ ^ , rt _5, 
N As = ■ — j — r = -935x10 5 kmol/s-m z 

1 - f 0.00 1 in x 0.05 m /' s/ 1 0 m" / s ] 

or 

n A,S = ^A N A,S = 30 k S ' kmol(-9-35 x 10~ 5 kmol / s ■ m 2 ) = -2.80 x 1 0" 3 kg / s ■ m 2 
Tlie molar rate of NO removal for the entire surface is then 

N A. s = N A . S A = -9 .35 < 10~ 5 kmol / s - m 2 x 0.02 m 2 = -1 .87 x lO^ 6 kmol / s 



or 



n A S =-5.61x10 5 kg/s. < 

COMMENTS: Because bulk motion is likely to contribute significantly to NO transfer -within the 
film, the above results should be viewed as a first approximation. 
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PROBLEM 14.29 



KNOWN: Radius of coal pellets burning in oxygen atmosphere of prescribed pressure and 
temperature. 

FIND : Oxygen molar consumption rate. 



SCHEMATIC: 



T=1450K. 




r n = O.OCJm 



0 Z (A) 



*/■ 0.1 7ft /s 



ASSUMPTIONS: (L) One-dimensional diffusion iiir r (2) Steady-state conditions, (3) Constant 
properties, (4) Perfect gas behavior, (5) Uniform C and T, (6) Stationary medium. 
ANALYSIS: From Equation 14.57, 

dr 1 ., dr 

dC A ■■ dr = Cj / r" or C A = -Ci / r + C 2 . 

The boundary 7 conditions at r — » or; and r = r 0 are, respectively, 
C A (oo) = C -> C 2 =C 



:0 
7 



N A =N A (r 0 ) = -CD AB 



dx A 



dr 



Dab 



dc A 



Hence 



-kr(-C 1 /r 0 + C) = -D AB C 1 /ri 
kJ(C L /r 0 )+D AB |C 1 /r^)=kiC 

The oxygen molar consumption rate is 
dC A 



dr 



c,= 



Ctl/r 0 ) + (DAB/%)" 



n a (>o) = -Dab- 



dr 



kJC 



where 



Hence. 



= - D AB TV n 
r c k l r o + D AB 

1 atm 



m |S.205xlO 2 m 3 atm/kciol-K |1450 K 



^8.405x10 3 kmol/m 3 . 



^ T „ , , , „, , r _4 t. 0.1 m/sx8. 405x10 3 kmol / m 3 
N A (r o ) = -1.71xl0 m fs j—- — — 

10^41.71x10^" m 2 /s 



-5.30 < 10 4 kmol/s-m 2 



N A( r o)= 47rr o N A( r o)= 4;r ( 0 - 001 in J 2 * 5.30* 10^* kmol/s-m 2 

N A ( r 0 }= 6.66 xlO" 9 kmol/ s. < 

COMMENTS: The Oj consumption rate would increase with increasing k[ and approach a limiting 
finite, value as kj approaches infinity. 
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PROBLEM 14.30 

KNOWN: Pore geometry in a catalytic reactor. C oncentration of reacting species at pore opening 
and order of catalytic reaction. 

FIND: (a) Differential equation which determine* concentration of reacting specie s. (b) Distribution 
of reacting specie; concentration along the pore. 



SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional diffusion in x direction, (3) 
Stationary medium. (4) Uniform total molar concentration, (5) Stationary medium 

ANALYSIS: (a) Apply the species conservation requirement to the differential control volume, 
N A,:i - k l c A (>D)dx - N A x+dx = 0, where 

N A,x+dx = N A,x +( dN A,x 1 
and from Pick's law 

,2 „2 



Hence 



( m dx A V D *D A n dC 4 



dx-kfC A (jrD*]dx = Dab — kfC A ( jfD) dx = 0 



dx 2 DD.AB 

(b) A solution to the above equation is readily obtained by recognizing that it is of exactly the same 
form as the energy equation for an extended surface of uniform cross section. Hence for boundary 
conditions of the form 

c A (0) = c A>0 . -Dab («= a ^ ) X=L - W A (l) 

the solution must be analogous to that ob tamed for a fin with a convection tip condition. With the 
analogous quantities 

C A «-» & = T -X x , rn = (4k[ i DD^B ) L/ 2 <-* (4h/Dk) L ' 2 

Dab ^* t k] <-> h 

the solution is. by analogy 7 to Eq. 3.70 

cosh m(L -x) -F^k^'mD^ Jsinh m(L — x) 



cosh niL + (kf / mD^ ) sinli mL 

il pore re: 
applying the analogy to Eq. 3.72. 



2 

COMMENTS: The total pore reaction rate is - Dab("tD74) (dCA''dx)x=o, which can be inferred by 
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PROBLEM 14.31 

KNOWN: Pressure, temperature and mole fraction of CO in auto exhaust. Diffusion coefficient for 
CO in gas mixture. Film thickness and reaction rate coefficient for catalytic surface. 

FEND: (a) Mole fraction of CO at catalytic surface and CO removal rate, (b) Effect of reaction rare 
coefficient on removal rate. 

SCHEMATIC: 

c' Exhaust gas; 
p = 1.2 bar, T = 500 U C, x A; l= 0.0012 

L = 0.01m -Thin film 

D AG = 10" 4 m 2 /s 




Catalytic surface 
k'j = 0.005 m/s 
2CO + 0 2 ->2C0 2 

ASSUMPTIONS: (1) Steady- state, (2) One-dimensional species diffusion in Elm. (3) Negligible 
effect of advection in film (stationary medium). (4) Constant total molar concentration and diffusion 
coefficient in film. 

ANALYSIS: From Eq. (14.69) the surface molar concentration is 
'A(0 K., T ^, ^ 



1 + (Lk[ / Dab ) 1 + f 0.01m x 0.005 m/ s / 1 0^*m 2 / s j 



With C = p/fT = 1.2 bar/(8.314 x 10" ] m 3 bar.kniol K x 773 K) = 0.0187 kmol/'m 3 , Eq. (14.70) yields 
a CO molar flux., and hence a CO removal rate, of 



kfCx^L 
N A ,s = A ( 0 ) = 1+fLk . /DAB) 



0.005m/sx0.0187kmol/m 3 x0.0012 _, „„ ,„_g, ,,2 
N As = ~ — — - — —=7.48x10 0 kmol/ s-m" < 

1 4- f 0.01m x O.OOSm/s/lO^m" /s ) 
If the process is diffusion limited. LkJ / D^B 1 an d 

CD^b x.u 0.0187kmol.'m 3 xl0" 4 m 2 /sx 0.0012 -7. , . 2 ^ 

Ni-= — = = 2.24x10 1 kmol/s-m < 

L 0.01m 

COMMENTS: If the process is reaction limited. N\ ^ — > Oas kf — > 0. 
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PROBLEM 14.32 



KNOWN: Mass flow rate of gas containing palladium (species A), which flows through a tube 
and deposits into pores of tube wall. Inlet mass concentration of palladium. Mass transfer 
coefficient between gas and tube surface. Deposition rate is proportional to mass concentration 
of palladium at tube surface. 

FIND : (a) Expression for variation of mean species density of palladium with x. Expression for 
local deposition rate for tube of diameter D. (b) Ratio of deposition rates at x = L and x = 0. 



SCHEMATIC : 

Gas 



m . pA m i 



~( +) PA,m, K "\ ) 

ASSUMPTIONS: (1) Steady state, (2) Constant properties, (3) Constant mass flow rate, (4) 
Negligible leakage of gas through porous walls. 

ANALYSIS: (a) Section 8.9 develops the variation of mean species density, pAju- for the case in 
which the surface species concentration, pa.e, is uniform. Here, however, the surface 
concentration will vary as the mean species density decreases with x. Under steady-state 
conditions, the mass flux of palladium reaching the surface must equal the mass flux of palladium 
depositing into the pores. Referring to Equation 8. BO, where n\ 3 is the mass iluxfrom the 
surface, 

n A,s = ll mCPA.s-PA,m) = - k lPA > s 

Solving for the surface concentration yields pA, 5 - heLpA,m''(ha + ki)- Then substituting this into 
either expression for ii^ s yields 

11 As = - U mPA,tip U m = 1 ■' h m + 1 ; ' k l 

Comparing this result with Equation 8.80, we see that they are analogous if we replace h m with 

and pA.^ with 0. Applying the same analogy to Equation 8.84, the distribution of the mean 
species density is 



PAjnfr) ( U m pP ) 
= exp -— ^ 

PA,m,i \ 111 



0) 



where P is the perimeter, P = TtD. Note that we could have found tins same result by expressing 
mass species conservation for species A. Noting that the rate at winch species A is carried 
downstream by the flow is nip 4 m / p , and assuming p to be constant, we have 

Continued.. 
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PROBLEM 14.3X:$ 

in d PA,m 



p dx 



Integrating with respect to x and applying tire inlet condition Yields tire same result as Equation 
ID." 

TTie local deposition rate is 

' rj pP \ ( x \ 

_u A = s = U mPA,m = U mPA,m,i ex p| [ = UjnPA^m ,i _B 7^ J t 2 ) < 

where B = U Q pPL/ m . 

(b) The ratio of deposition rates at x = L and x = Q is 

ratio of deposition rates = exp(-B) ' : - 

COMMEM: From Eq. (2) 7 the deposition rate decreases exponentially with distance x. 
Therefore, as tire tube length increases, the deposit thickness at the outlet end will become 
thinner, and the variation in deposit thickness between the inlet and outlet will increase. 
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PROBLEM 14.33 



KNOWN: Combustion at constant temperature and pressure of a hydrogen-oxygen mixture adjacent 

to a metal wall according to the reaction 2H2 + O2 — > 2H2O. Molar concentrations of hydrogen, 

oxygen and water vapor are 0.10. 0.10 and 0.20 kmol/m , respectively. Generation rate of water 

_2 3 
vapor is 0.9 o" x 10 " kmoL'm s. 

FEND: (a) Expression for Cj^ as function of distance from wall, plot qualitatively, (b) Cjj, at the 
wall, (c) Sketch also curves for Cq,, (x) and Cj^,q ( x ), and [d) Molar flux of water at x = lOmin. 

SCHEMATIC: 




0.30- 



O 10 xfam) 



N HjP =0.?6 xl6*k molfm=i 
— j O.ZO " 

C H ^0.20kmvllm* 

O 




lb yfmm) 



ASSUMPTIONS: (1) Steady- state conditions, (2) One-dimensional diffusion. (3) Stationary 
medium, (4) Constant properties including pressure and temperature. 

_■ 

PROPERTIES: Species binarv diffusion coefficient (given, for Ki, O; and H7O): Dy^ = 0.6 x 10 ' 

2; 

m s. 

ANALYSIS: (a) The species conservation equation, Eq. 14.4Sb, and its general solution are 



d Z C A | N A _ Q 



C A (x) = - 



x-I-Cjx + Ct. 



(1=2) 



dx^ »ab ?Dab 

The boundary condition at the wall must be dC^(0)/dx = 0, such that Q = 0. For the species 
hydrogen, evaluate C2 from knowledge of Cjr^ (10 nam) = 0.10 kmol/ m 3 and Njj^ = — Nfr^O* 
accordmg to the chemical reaction. Hence. 



[-0.96x10 2 krnol/m 3 -s 



0.10 kmol/m" = - 



2x0.6x10 3 m 2 /s 



) 

-(0.010 mf+0+C 2 



C 2 =0.02 kmol/m 3 . 
Hence, the hydrogen species concentration distribution is 

Ch-, fx) = --^-x 2 + 0.02 =800x 2 +0.02 

which is parabolic with zero slope at the wall; see sketch above, 
(b) The value of Cjj,, at the wall is, 

C H (0) = (0 + 0.02 )kmol/m 3 =0.02 kmol/m 3 . 



Continued . 
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PROBLEM 14.33 (f ont.) 

(c) The concentration distribution for water vapor species will be of the same form, 

2D AB 

With C- = 0 for the wall condition, find C 2 from C H „o ( 10 
fo.96xl0 _2 tmol/m 3 ) 

0.20 kmol/m 3 = -- — -(O.OIO m) 2 +C 2 C ; = 0.2S kinol :' m 3 . 

2x0.6x10" m fa 

Hence, Cj^q at the wall is, 

C H o(0) = 0 + 0 -C 2 =0.28 kmol/m 3 
and its distribution appears as above. Recognizing that No-, = -O.SNj^q- by the same analysis, find 

C 0l _ (0) = 0.06 kmol/m 3 

and its shape, also parabolic with zero slope at the wall is shown above. 

(d) The molar flux of water vapor at x = 10 mm is given by Tick's law 

dCjj,Q 

N H 2 C-,x = _D AB — T ) T — 
and using the concentration distribution of Eq. (3), find 

^H 2 Q 2 



N H 2 0,x = D AB^ 



2D 



AB 



+N H;0 x 



and evaluation at the location x = 1 0 mm, the species flux is 



N H 3 0. X ( 10 mm) = + f 0.96x10 2 kmol/m 3 sjx 0.010 m= 9.60x 10 J kmol/ 



m ■ s. 



< 



COMMENTS: Note that the generation rate of water vapor is a positive quantity. Whereas for Eh 
and Oj, species are consumed and hence Nj^ and Nq, are negative. According to the chemical 

reaction one mole of Hi and 0.5 mole of Ot are consumed to generate one mole of H 2 0. Therefore. 

% 2 =-N H2 ° and ^02 =-°- 5 N H 2 0- 
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PROBLEM 14.34 

KXOW>~: Radius of a spherical organism and molar concentration of oxygen at surface. Diffusion 
and reaction rate coefficients. 

FESD: (a) Radial distribution of Cn concentration, (b) Rate of O; consumption, (c) Molar 

concentration at r = 0. 

SCHEMATIC: 

C A (r c ) = ^ ^j- r n = 1 0- 1 m 

C Aa = 5x1 kmol/m 3 




Organism 

ko =1.2x1 O^kmol/^m 3 
D AB = 10"* m 2 /s 

ASSUMPTIONS: (1) Steady- state, one-dimensional diffusion, (2) Stationary mediuni (3) Uniform 
total molar concentration. (4) Constant properties (ko, Dab)- 

ANALYSIS: (a) For the prescribed conditions and assumptions, Eq. (14.50) reduces to 



Dab d i i dC A 



r 2 dr I, dr 



-k 0 = 0 



dr 3D 



A3 



: A= ^oii_a + c 2 



6Dab r 

With the requirement that Ca(t) remain finite at r= 0, C i =0. With C.A.(r 0 ) = Ca.o 
. 2 

c 2 -<-a,o 



6 

< 



C A = C A,o -( k 0 /6D AB)( r o -r 2 ) 



Because C.\ cannot be less than zero at any location within the organism, the right-hand side of the 
foregoing equation must always exceed zero, thereby placing limits on the value of Ca. 0 - The smallest 
possible value of Ca.o i* determined from the requirement that Ca(Q) 1 0. m which case 

Ca^iW^Dab) < 

(b) Since oxygen consumption occurs at a uniform volumetric rate of ko, the total respiration rate is 
R = VkQ, or 

R=(4/3)^k 0 < 

Continued 
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PROBLEM 14.34 (Cont.) 

(c)Wirkr = 0, 

^A(0) = C A . o -k 0 r o 2 :6D AB 

-i 

C A (0) = 5x10"' knwJ/m 3 -1.2 xlO^kmol/s m 3 jltT 4 !!! )" /6x 10" 8 m 2 /s 

C A (0) = 3xlO" 5 kuiol/m 3 < 

COMMENTS: (1) The minimum value of C ^ 0 for which a physically realistic solution is possible is. 
C A.o = k 0 r o ^DAB = - K 10_i knlol/ mJ - 

(2) The total respiration rate may also be obtained by applying Fick's law at r = r 0 , in which case 
* = ~ K A (r 0 ) = (4ffi£)dC A /dr| r=fo = D^g (4?rR^(k 0 6 )2 t = (4/3)ffr|k 0 . 
Tlie result agrees with that of part (b). 
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PROBLEM 14.35 

KNOW7V: Radius of a spherical organism and moLir concentration of oxygen at its surface. 
Diffusion and reaction rate coefficients. 

FEND: (a) Radial distribution of Oj concentration (b) Expression for rate of O2 consumption, (c) 
Molar concentration at r = 0 and rate of oxygen consumption for prescribed conditions. 

SCHEMATIC: 



C A (r 0 ) = 

C AiD = 5x1tr & l(mol/m :3 




r 0 = 1 0"" m 



Organism 
k,= 20s- 1 
D AB = 10" 8 m 2 !$ 



ASSUMPTIONS: (L) Steady-state, one-dimensional diffusion (2) Stationary medium (3) Uniform 
total molar concentration (4) Constant properties (ki, Dab). 

ANALYSIS: (a) For the prescribed conditions and assumptions, Eq. (14.50) reduces to 



7>- 



dr J 



-k L C A =0 



With y = r Ca, d C A /dr = (1/r) dy/dr - y.'r" and 

1 d f 2 d-^A ~\ Dab ^ f &y 



Dab I *V 



1 "l-r, 2 ul A I ^AB u | u > , ^AB u - v 



The species equation is then 



= 0 



dr 2 Dab 

The general solution is of the form 

1 2 1 ■ n 

y = Ci sinh ( k ! / Dab ) ' r + C 2 cosh (kj / Dab ) r 



C a = — sitib (k^ / D ab ^ ' ^ r + — ^-cosh (kj / D ab )^ r 
r " "~ r 

Because Ca_ must remain finite at r = 0, C2 = 0. Hence, with Ca (r 0 ) = C^o, 
c A.o r o 



-1 



sinhf^/D^) 1 ' 2 ^ 



and 



Continued . 
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PROBLEM 14.35 (Cant.) 



ib "| sinh(ki/DAB) 1/2r 



(b) The total consumption r.ite corresponds to the rate of diffusion at the surface of the organism. 
R = "N A fc, > = i^i )dC A /dr^ 



R = 4,Tro D ab Cj^ 0 !<, 



-^ + l(k,/D AB ) 1/2 cot(k 1 /Dab) 1 ' 2 r 0 
r 0 r o 



R = 4^"r 0 Dab ^ A o C ff eotu _ 1) 

U/2 



where a = ^kj r„ / Dab ) 



(c) For the prescribed conditions, (ki/D^g) 1 " = (20 s 1 -i- 10 S tii^/s) 1 ' 2 = 44,720 m 1 and a = 4.472. 



JxlO J tmol .'' m" 5 xlO^m siahflq /D^g ^ r _iq ktnol sicii ! k [ .■' Djyj / ' ^ r 

C i = x = 1 . 1 3 1 v 1 — x 

dul: I 4.472) r m r 

In the limit of r — » 0, the foregoing expression yields 

C A (r^0) = 5.11xl0" 6 krnol /m 3 < 

R = 4-7T x 1 in x 1 0 _E m 2 s x 5 x 1 [)~ 5 kmol / m 3 (4.472 coth 4.472 -1) 
= 2.18xl0~ 15 kiiiol/s 

COMMENTS: The total respiration rate may also be obtained by integrating the volumetric rate of 
consumption over the volume of the organism. That is, R = - f Na = [ 0 kj Ca (r )4jrr^dr. 



J/2 
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PROBLEM 14.36 



KNOWN: Molar concentrations of oxygen at inner and outer surfaces of lung tissue. Volumetric rate 
of oxygen consumption within the tissue. 

FIND : (a) Variation of oxygen molar concentration with position m the tissue, (b) Rate of oxygen 
transfer to the blood per unit tissue surface area. 

SCHEMATIC: 



C A (o) 

Lang tissue 




Oxygen (A) 
C aW Vssae (B) 



ASSUMPTIONS : (1) Steady- state conditions. (2) Gne-dimensional species transfer by diffusion 
through a plane wall. (3) Homogeneous, stationary medium with uniform total molar concentration 
and constant diffusion coefficient. 



ANALYSIS: (a) From Eq. 14.71 the appropriate form of the species diffusion equation is 
.2 



dx" 



hitegratina. 

dC A /dx=(k 0 /D AE )x + C 1 



2Dab 



x z + Cix + C 2 . 



With C A = C A (0) at x = 0 and C A = C A (L)at x = L : 

Ca(L)~C a (0) k 0 L 



C 2 =C A (0) 



Ci 



Hence 



CaW=2^*(*-l)+[Ca(l)-c a (o)]J+c a (o)- 

(b) The oxygen assimilation rate per unit area is 

*,W-^Ab(£-^)-^C a( L,-C x ,0)] 



Ax : 



k o L + D AB 



^[C A (0)-C A (L)]. 



COMMENTS: The above model provides a highly approximate and simplified treatment of a 
complicated problem. The lung tissue is actually heterogeneous and conditions are transient. 
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PROBLEM 14.37 

KNOWN: Ground level flux of NO;? in a stagnant urban atmosphere. 

FIND: (a) Vertical distribution of NO2 molar concentration, (b) Critical ground level flux of NOt, 

N A,0,ciil- 

SCHEMATIC: 



cr,f 777777777777777777777777777777 



ASSUMPTIONS : (L) Steady- state conditions. (2) One-dimensional diffusion in a stationary 7 medium. 
(3) Total molar concentration C is uniform, (4) Perfect gas behavior. 

ANALYSIS: (a) For the prescribed conditions the molar concentration of NO; is given by Eq. 14.73, 
subject to the following boundary conditions. 



c A H=o, 



From the first condition, Ci = 0. From the second condition, 
-inC 2 =-Ni 0 /I>AB- 



Hence 



where m = (Ici/Dab) "■ 

{ ■■ A 0 

(b*> At around level. C ^ [ 0 \ = — — — . Hence, from the perfect sas law, 

ruDAB 

PA(0,) = C A tO)9tT= ■ 
ln E>AB 

Hence, with m = (0.03/0.15 x 10" 4 ) 1 ''" m 1 = 44.7 m" 1 . 

"DaBPA (°) cnt 44.7 in -1 x 0. 1 5 x lQ^m 2 / s x 2 x 10~ 6 bar 
-^A.O.cnt ~ m T _ _t a 

^ T 8.314x10 m bar/kinol Kx300 K 

N AOcrit = 5JSxlO _11 kmol/s-m 2 . < 

COMMENTS: Because the dispersion of pollutants in the atmosphere is governed strongly by 
convection effects, the above model should be viewed as a first approximation winch describes a worst 
case condition. 
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PROBLEM 14.38 

KNOWN: Ground level flux of Ntb in a stagnant urban atmosphere. 

FLND: (a) Governing differential equation and boundary conditions for the molar concentration of 
NOt. fb) Concentration of NCh at ground level three hours after the beginning of emissions. 

SCHEMATIC: 



l "/ A' y Sft' * '////////// f//f/ 



AS SUMPTIONS : (1) One-dimensional diffusion in a stationary medium, (2) Uniform total molar 
concentration, (3) Constant properties. 

ANALYSIS: (a) Applying the species conservation requirement, Eq_ 14.43, on a molar basis to a unit 
area of the control volume, 

NA.x-(klC A )dx-NX.x + dx =^±dx. 
With N A x+dx = N A x 4- (dN A x / 5x) dx and N A x = -D^g ( c?C' A / cx ) , it follows that 

Initial Condition: C A (x,0) = G. < 

Boundary Conditions -Dab | = N A q , C A (oo.t) = 0 < 



(b) The present problem is analogous to Case (2) of Fig. i.7 for heat conduction in a semi-mfinite 
medium. Hence by analogy to Eq. 5.59. with k <-* Dab and a ■<-> Dab ; 



C A (x.t) = 2NX, 0 



1/2 



r x 2 "| N A;0 x 



expi i : — erfc 



L2(D AB t) 1, " 2 _, 



At ground level (x = 0) and 3h. 

a/2 



C A (0,3h) = 2N A . 0 

V-^AB 

C A (0,3h) = 2(3>; 10 -11 land/ Vm 2 }(l0, 800 3 : k>. 0.15 x lO^m 2 ;s) 1 ' 2 = 9.GS x 10 -7 fcniol: 



; < 



COMMENTS: Tlie concentration decays rapidly to zero with increasing x_ and at x = 100 m it is. for 
all practical purposes, equal to zero. 
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PROBLEM 14.39 



KNOWN: Initial concentration of hydrogen iu a sheet of prescribed thickness. Surface 
concentrations fortune t > 0. 

FESD : Tune required for density of hydrogen to reach prescribed value at midplane of sheet. 
SCHEMATIC: 



(B)-^ So I id 
D AB --?xiO~ 7 i»z/s 




L=20mm C A (x,0) = 3 kuiol/m = c A[i 

C A (0,f£) = 1.2 kg.'m J /2 kg/kmol 
C A {0,tf) = 0.6 kmol/m J = Ca 
C A (20 mm,t) = 0 = C A>S 



ASSUMPTIONS : (L) One-dimensional diffusion in x, (2) Constant Dab, (3) No internal chemical 
reactions, (4) Uniform total molar concentration, (5) Stationary medium. 

ANALYSIS: The mass transfer Biot number is Bi^ = I^I/Dab -» oc. Hence, Bi~ 1= 0. By analogy to 
Equation 5.40. the approximate solution, it follows that 



* Cl exp ( -^Fo m ) = p*. = = °" 2 



Using values of Cj = 1.37 and C] =1.27 from Table 5.1, it follows that 



1.27 exp 



-(1.57)^0, 



= 0.2 



from which 



Fo m = 0.75 



Hence, t f = O.75(Q.02m) 2 /9xl 0" 7 m 2 / 5 = 333 s 



COMMENT: Fo^ > 0.2. Hence, the approximate, one-term solution is valid. 
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PROBLEM 14.40 

KNOWN: Radius and temperature of air bubble in water. 
FEND: Tune to reach 99% of saturated vapor concentration at center. 
SCHEMATIC: 

~r a -1mm 

S T=£5*C 



A,s 



ASSUMPTIONS : (1) One-dimensional radial diffusion of vapor m air. (2) Constant properties, (3} 
Air is initially dry, (4) Stationary medium. 

PROPERTEES: Table AS, Water vapor-air (300 K): D A b = 0.26 x IG 4 aits. 
ANALYSIS: If the one-term approximation to the infinite series solution (Eq. 5.50), 

5b=C 1 ™p« 1 2 Fo) 

is used, it follows that 

* n i -2 r \ C A- c A,s 0.99-1 

Using values of Ci = 2.0 and C\ = 3. 1415 for Bi nl — > oc-, it follows that 



or Fo m = 0.54 



0.01 = 2.0 exp| -(_U415) 2 Fo, 

Hence, t = FofcPVDjiB = 0.54(0. 00 lmT/0. 26 x 10" 4 m 2 /s = 0.02 s 
COMMENT: Since Fo > 0.2. the approximate solution is valid. 
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PROBLEM 14.41 

KNOWN: Initial carbon content and prescribed surface content for heated steel. 

FEND: Time required for carbon mole fraction to reach 0.01 at a distance of 1 mm from the surface. 

SCHEMATIC: 



Carbon (A) 

x AA =aoz 



Steel fB) ) X A fsf l o)=X A |=a£WJ 
-X A (0.00lm t i)=0.Ol 



ASSUMPTIONS: (11 Steel may be approximated as a semi-infinite medium, (2) One-dimensional 
diffusion in x, (3) Isothermal conditions, (4) No internal chemical reactions, (5) Uniform total molar 
concentration, (6) Stationary medium. 

ANALYSIS: Conditions within the steel are governed by the species diffusion equation of the form 
d^C A 1 <?C A 
8k 2 D AB ck 
or in molar form, 

cP~ni± _ 1 £x A 

t : x 2 D AB t!t 

The initial and boundary' conditions are of the form 
x A (x,Q) = 0.001 

x A (G,t) = x As =0.02 x A (oc,t) = 0.001. 

The problem is analogous to that of heat transfer in a semi -infinite medium with constant surface 
temperature, and by analogy to Eq. 5.57, the solution is 



x A iXt)-x A , 5 
x A.i _x A,s 



= erf 



ivhere 



Hence 



0^=2x10 5 exp [-17, 000/ 1273] =3. 17x10 L1 m 2 /s. 



0.01-0.02 
0.001-0.02 " 



= 0.526= erf 



0.001 m 



2(3.17x10 U t) 1/2 



ivhere erf w = 0.526 ->w* 0.51, 



0.51 = 0.001/2(3.17x10 n tj L/2 



r= ;0.32U = S.42 h. < 
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PROBLEM 14.42 



KNOWN: Thick plare of pure iron at 100Q°C subjected to a carbunzing process with sudden 
exposure to a carbon concentration Cc 3 at the surface. 

FIND : (a) Consider the heat transfer analog to the carbunzation process; sketch the mass and heat 
transfer systems; explain correspondence between variables; provide analytical solutions to the mass 
and heat transfer situation; (b) Determine the carbon concentration ratio, Cc (x, r)/Cc. 5 , at a depth of 1 
mm after 1 hour of carburization; and (c) From the analogy, show that the time dependence of the 

mass flux of carbon mto the plate can be expressed as = pQ s (D^_p e / also, obtain an 

expression for the mass of carbon per unit area entering the iron plate over the time period t. 
SCHEMATIC: 




C c <0,t>0) = Cc rS — 
Mass transfer 



Iran 

Cc.i = C c (x, t < 0) = C 
D C-Fe 



T(0,t>0)=T s 

Heat transfer L-S« x 



Plate 

T(x,, t s: 0) = T| 
p. c, k, a 



ASSUMPTIONS: (1) One-dimensional transient diffusion, (2) Thick plate approxmiates a seirj- 
infmite medium for the transient mass and heat transfer processes, and (3) Constant properties. (4) 
Stationary medium. 

ANALYSIS: (a) The analog) 1 between the carbunzing mass transfer process in the plate and the heat 
transfer process is illustrated in the schematic above. The basis for the mass - heat transfer analogy 
stems from the similarity of the conservation of species and energy equations, the general solution to 
the equations, and their initial and boundary conditions. For both processes, the plate is a semi-infinite 
medium with initial distributions, Cc (x, t < 0) = Cc.i = 0 and T (x, t < 0) = Ti, suddenly subjected to a 
surface potential. Cc (0. t > 0) = Cc. s and T (0, t > 0) = Ts. The heat transfer situation corresponds to 
Case 1, Section 5.7, from winch the following relations were obtained. 



Man tramfer 

Rate equation 



-D 



'A3 



Diffusion equation 

dCr 



d x { 8 x ) 
Potentia i distribution 



Dab 0* 



C C (x. t)-C Q 



o-c 



C.s 



-C.s 



I 2(Dab t 



[1477] 



,1/2 



Heat transfer 



8s. 



d [£T 
d x { 8 x 



1 d T 

a 8t 



T(x.t)-T s 
Ti-T s 



[2.19] 



= erf 



[5.58] 



Continued 
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PROBLEM 14.42 (Cont.) 



Flux 



See Part (c) 

(b) Using the concentration distribution expression above, with L = 1 mm, t = L h and 

" 1 1 T 



D^g = 3 x 10 nT/s, find the concentration 



C c (1 mm. 1 h) 



= erfc 



ratio. 



0.001 m 



= 0.0314 



written as 



1 '2 

2(3 xlO" 11 m 2 / s x 3600 s] ' 
(c) From the heat flux expression above, the mass flux of carbon can be 

N ^= — — IJT-Pc, (Dc- n /*t) 

(n D c _ Fe t) 

The mass per unit area entering the plate over the time period follows from the integration of the 
expression 

( 0 = f * Nc,s * = /'C,s (Dc-Fe > * / ' 2 f ' f 1 ' 1 * = 2 ^ C .s ( ^C-Fe t/*) 
- 0 0 



rate 



,1/2 



Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only 
to students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that 
permitted by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful. 



PROBLEM 14.43 

KNOWN: Thickness, initial condition and bottom surface condition of a water layer. 

FIND : (a) Time to reacli 25% of saturation at top. (b) Amount of salt transfer m that tune, (c) Final 
concentration of salt solution at top and bottom. 



SCHEMATIC: 



B- watet- 

^'^W I \N A —jL^^O 



ASSUMPTIONS: (1) One-dimensional diffusion, (2) Uniform total mass density, (3) Constant Dab, 
(4) Stationary medium. 

ANALYSIS: (a) With constant p and Dab and no homogeneous chemical reactions, Eq. 14.47b 
reduces to 

a 2 p A _ l cp A 

ox 2 D AB ^ 

with the origin of coordmates placed at the top of the layer, the dimensionless mass density is 
/(x*,Fo m ]=i- 



pa-pa,s _ 1 p a 



^A = i-PA,s ^A,s 

Hence, y* ( 0, Fo^ ) = 1 - 0.25 = 0.75. The initial condition is y* j^x*, oj = 1. and the boundary 



conditions are 
ex. 



y (LFo m ) = 0 



x =0 



where the condition at x =1 corresponds to Biu- = oc. Hence, the mass transfer problem is analogous 
to the heat transfer problem governed by Eq. 5.34 through 5.37. Assuming applicability 1 of a one- term 
approximation (Fom > 0.2), the solution is analogous to Eq. 5.40. 



With Bi m =x, q = x, '2 = 1.571 radand. frotn Table 5.L Q s 1.273. Hence, for x =0, 



0.75 = 1. 273 exp 



-(1.571) 2 Fo mjl 



Fo ml = -ln(0. 75 /1.274)/(1.571)" = 0.214. 



Hence. 



Dab 



-Fo. 



m,r 



(lm) 2 



1.2x10 9 m 2 /s 



0.214 = 1.79xl0 8 <> = 2071 days. < 

Continued 
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PROBLEM 14.43 (Cont.) 

(b) The change in the salt mass within the water is 



Hence. 



AM A = M A C*l ) - M A.i = I {PA ~ PA,i ) dV = A f 0 PA** 

AM A = PA,s \q{ PA I PA 7 s ) ^ 
i^A =PA >S L^(l-^*)dx S 

AMa = £A,s L j^j l ~ C l ex p( "if Fo m L jcos f fix* j jdx" 
^ A = PA.s L [ ! " C l ex P (-^f Fo m ; l Y m £1 ' f 1 ] 



Substituting mimeric.il values. 

AMa =380 kg/m 3 (l m) 



1.274exp 



-(1.571)- 0.214 Jl 



1.571rad 



AM a =198.3 kg/ mf 

(c) Steady-state conditions correspond to a uniform mass density in the water. Hence, 

p A (0,x) = p A (L,qd) = AM A / L = 198.3 kg /in 3 . 

COMMENTS: (1) The assumption of constant p is weak since the density of salt water depends 
strongly on the salt composition. 

(2) The requirement of Fom > 0.2 for the one -term approximation to be valid is barely satisfied. 
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PROBLEM 14.44 



KNOWN: Temperature distribution expression for a serm-iiifinite medium initially at a uniform 
temperature, that is suddenly exposed to an instantaneous amount of energy, Q£ f J / m j. 

Analogous situation of a silicon (Si) wafer with a l-/jm layer of phosphorous (P) that is placed in a 
furnace suddenly initiating diffusion of P into Si. 

FIND : (a) Explain the correspondence between the variables in the analogous temperature and 
concentration distribution expressions, and (b) Determine the mole fraction of P at a depth of 0.1 urn 
in the Si after 30 s. 

SCHEMATIC: 




ASSUMPTIONS: (L) One-dimensional transient diffusion, [2) Wafer approximates a semi-infinite 
medium, (3) Uniform properties, and (4) Diffusion process for Si and P is initiated when the wafer 
reaches the elevated temperature as a consequence of the large temperature dependence of the 
diffusion coefficient, (5) Stationary 7 medium. 

PROPERTIES: Given in statement: Dp_si = 1.2 x 10" 1 '' m~'s: Mass densities of Si and P: 2000 and 
3 

2300 kg'm'; Molecular weights of Si and P: 30.97 and 28.09 kg/kmol. 

ANALYSIS: (a) For the thermal process illustrated in the schematic, the temperature distribution is 

T(k, t) - = ^-rp, exp(-x 2 / Am) (HT) 

pc[ xat) ' 

where Ti is the initial, uniform temperature of the medium. For the mass transfer process, the P 
concentration has the form 

C P (x, t) = ,1/2 "PH 2 M ° p - Sl *) ^ 1T} 

(a-Dp-si t) ' 

■ 2 

where M p 0 is the molar area density (kmoLin ) of P represented by the film of cone entration Cp and 
thickness do- 

The correspondence between mass and heat transfer variables in the equations FfT and MT involves 
the following conditions. The LHS represents the increase with time of the temperature or 
concentration above the initial uniform distribution. The initial concentration is zero, so only the Cp 
(x. t) appears. On the RHS note the correspondence of the terms in the exponential parenthesis and in 
the denominator. The thermal diffusrvity and diffusion coefficient are directly analogous: this can be 
seen by comparing the MT and HT diffusion equations, Eq. 2.19 and 14.77. The terms Q$ / pc and 
Mp 1 0 for HT and MT represent the energy and mass instantaneously appearing at the surface. The 

product pc is the thermal capacity per unit area and appears in the storage term of the HT diffusion 
equation. For MT, the "capacity" term is the volume itself. 

Continued 
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PROBLEM 14.44 (Ctmt.) 

(b) The molar area density (kmol/rn 1 ) of P associated with the film of thickness 0^ = 1 tan. .uid 
concentration Cp 0 is 

M£ :0 =C P;O -d 0 =(pp/M P )d 0 

Mp_ 0 = (2000 kg / in 3 / 30.97 kmol / kg) x 1 x 1 0~ 6 m 

Mp 0 = 6.458 < 10" 5 kinol/ m 2 
Substituting niimeric.il values into the MT equation, find 

C ? [0.1 \un, 30 s) = — exp-jO.lxlO mj /|4xl_2xl0 m .s.x30ss)- 

[■jtxIJxIO" 17 m 2 /sx30s)' 

C =1.85 kmol''m J 

The mole fraction of P m the Si wafer is 
x ? =Cp/C si =Cp/ip si /^) 

x p = 1.85 lanolin 3 /( 2300 kg/m 3 / 28.09 kmol/kg) 

x p = 0.023 < 
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PROBLEM 14.45 

KNOWN: Carbon dioxide concentration at water surface and reaction rate constant. 

FES'D: (a) Differential equation which governs variation with position and time of CO; concentration 
in water, (b) Appropriate boundary conditions atid solution for a deep body of water with negligible 
chemical reaction*. 



SCHEMATIC: 



I Wafer, SJ 



CQJA) 



— x=L 



ASST. MPTIOXS: (L) One-dimensional diffusion in x. (2) Constant properties including total density 1 
p, (3) Water is stagnant, (4) Stationary medium. 

ANALYSIS: (a) From Eq. 14.47b, it follows that, for the prescribed condition*. 



c"r 



Hie first term on the left-hand side represents the net transport of CO; into a differential control 
volume by diffusion. The second term represents the rate of CCb consumption due to chemical 
reactions. The term on the right-hand side represents the rate of increase of CO; storage within the 
control volume. 

(b) For a deep body of water, appropriate boundary conditions are 
p A (0X)=p AO 

p A \*X\ = 0 

and. with negligible chemical reactions., the species diffusion equation reduces to 

d 2 p A ^ 1 cp A 
ox 2 D AB a 

With an initial condition, p_^(x.O) = p^j = 0, the problem is analogous to that involving heat transfer in 
a semi-infinite medium with constant surface temperanire. By analogy 7 to Eq. 5.57, the species 
concentration is then 



pa(^)-pa t o 
-pajo 



= erf 



,2(DABt) 



: 2 



PA(x> t ) = PA,O s & 



2 
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PROBLEM 14.46 



KNOWN: Sheet material has high, uniform concentration of hydrogen at the end of a process, and is 
then subjected to an air stream with a specified, low concentration of hydrogen. Mass transfer 

parameters specified include: convection mass transfer coefficient, h m , and the mass diffusrvity and 

solubility of hydrogen (A) in the sheet material (B). D^g and Sy-j, respectively. 

FIND: (a) The final mass density of hydrogen in the material if the sheet is exposed to the air stream 
for a very long time, pA.f (b) Identify and evaluate the parameter that can be used to determine 
whether the transient mass diffusion process in the sheet can be characterized by a uniform 
concentration at any time: Hint: this situation is analogous to the lumped capacitance method for a 
transient heat transfer process; (c) Determine the time required to reduce the hydrogen concentration 
to twice the limiting value calculated in part (a). 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional diffusion, (2) Stationary 7 medium, (3) Constant properties. (4) 
Uniform temperature m air stream and material, and (5) Ideal gas behavior. 

ANALYSIS: (a) The final content of in the material will depend upon the solubility of H2 (A) in 
the material (B) and its partial pressure in the free stream. From Eq. 14.62, 



(b) The parameters associated with transient diffusion m the material follow from the analogous 
treatment of Section 5.2 [Fig. 5.3) and are represented in the schematic. 



A ■ hydrogen 
B - sheet matl 




C A f = ^AB PA -x = 160 kniol / m ■ atmx 0.1 arm = 16 kmol / m 



p f = M A C Af = 2 kg/kmol* 16 kmoL'm* =32 kg'W 



< 



C. 




1.5 m.'s 
= 0.1 atm 




l 



x = L 



In the material, from Fick : s law. the diffusive flux is 




(1) 



At the surface, x = L. the rate equation, Eq. 6.S. convective flux of species A is 




Continued 
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PROBLEM 14,46 (Coot.) 

and substituting the ideal gas law, Eq. 14.9. and introducing the solubility relation, Eq. 14.62, 

N A : com- = 7 ^ _ I, Sab Pa^ ~ s ab Pa,cb ) 

^AB *L 

Na.c.v = - — r-=- (C;, = - Cj^) (2) 

where Ca ^ = CA.f, the final concentration in the material after exposure to the air stream a long time. 
Considering a surface species flux balance, as shown in the schematic above, with the rate equations 
(1) and (21 



D AB ( C A.l C xz) h m , 



L S AF . ^ T :c 

R " „ 

-Bi m (3) 



c a,i ~ c aj _ h m / Sab ^ T cc _ R mH 



C A= C A,f D AB /L R ...... 

and introducing resistances to species transfer by diffusion and convection. Recognize from the 
analogy to heat transfer. Eq. 5.10 and Table 14.2. that when Bi m < 0. 1 , the concentration can be 
characterized as uniform during the transient process. That is, the diffusion resistance is negligible 
compared to the convection resistance, 



Bi m = J'"^ ^ < 0.1 ■-: 



Bi„ 



S AB ^u T ac D AB 

(1.5 mi h * 3600 s./ h) < 0.003 m 



160 kmol/m 3 - ami x 8.205 * 10" 2 m 3 -arm/ krnol K x 555 K< 2.68 < 10" S m 2 / s. 

Bi m =6.60*10 -3 < 0.1 

Hence, the mass transfer process can be treated as a nearly uniform concentration situation. From 
conservation of species on the material with uniform concentration, 

ai T s 1 A ■ ' dt 
Integrating, with the initial condition Ca (0) = Ca.i, find 

C ^=eJ- ^ I (5) < 



Continued 
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PROBLEM 14.46 (Ctmt.) 



which is similar to the analogous heat transfer relation for the lumped capacitance analysis, Eq. 5.6. 

N A.conv 

(c) The time. t B , required for the material to reach a concentration mice that of the limi ting value. 
Ca (T 0 ) = 2 C'a.;, can be calculated from Eq. (5). 

[2 - 1} x 16 kmol / in 3 f 15 m/ h x t„ 

- — - expj — ; 

(320-16) kmol /ni 3 v. 0.003 m>: 160 kmol/m 3 ■ atmx E205 x 10 -2 m j -arm/ kmol-Kx555 K 

t„ =42.911 < 
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PROBLEM 14.47 



KNOWN: Hydro kii- removal process described m Problem 14.46. but under conditions for which 

. . -11 2 

the mass diffusiYity of hydrogen gas (A) in the sheet (B) is D 13 = 1.8 >: 1 0 in /s [instead of 
-8 2 

2.6 x 10 m -s). With a smaller Dab, a uniform concentration condition may no longer be assumed to 
exist in the material during the removal process. 

FEND: (a) The final mass density of hydrogen in the material if the sheet is exposed to the air stream 
for a very long time. p_\ f. (b) Identify and evaluate the parameters that describe the transient mass 
transfer process hi the sheet; Hint: this situation is analogous to that of transient heat conduction in a 
plane wall; (c) Assuming a uniform concentration in the sheet at any time during the removal process., 
determine the time required to reach twice the limiting mass density calculated in part (a); (d) Using 
the analog} 1 developed in part (b). determine the time required to reduce the hydrogen concentration to 
twice the limiting value calculated in part (a): Compare the result with that from part (c). 



SCHEMATIC: 



A - hydrogen 
B - sheet matl 



C A (t), C A (0) = C Aii = 320 kmo|/m3 

d A b = 1.6x10-" m 2 /s 
Sab = 1 60 kmol/mS-alm 
T = 555 K 



I 

L = 3 mm 



|| rfA+Air> 



h m = 1.5 m/s 
Pa.oo- 0.1 atm 
= 3 atm 

T m =555K 



ASSUMPTIONS : (1) One-dimensional diffusion. (2) Stationary medium.. (3) Constant properties, (4) 
Uniform temperature in air stream and material, and (5) Ideal gas behavior. 

ANALYSIS: (a) Hie final content of H2 in the material will depend upon the solubility of H2 (A) 111 
the material (B) at its partial pressure hi the free stream. From Eq. 14.62, 

3 3 
C A f = ^AB PA cc - 1 60 krnol ■■' m - atm x Q. 1 atm =16 kmol m 

Pf — C A f — 2 kg / kmol x 16 kmol / tir — 32 kg .' m" < 

(b) For the plane wall shown in the schematic below, the heat and mass transfer conservation 
equations and their initial and boundary conditions are 



Heat transfer 
ST 



a- 



/ 2 T 



T(x.0) = T 1 
ST 



c x 



(0 I t) = Q 



Mass (Species A) transfer 



: Dab 



<?x 



CaM) = c A4 



ggA 



ax 



(0,t) = 0 



k^(L A ) = li[T(Lt)-T x ] 



ex 



-D 



AB 



— l t L r t) = 

8 x 



Sab 31 T 



[C A (x.t)-C,J 



Continued 
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PROBLEM 14.47 (Cont.) 



T<x.t).T(x,0)=Tj 

pi c, k 




C A (x.t), C A (x.O) = C A , 
Dab- S ab 




Hue derivation for the specie s transport surface boundary condition is developed in the solution for 
Problem 14.46. The solution to the mass transfer problem is identical to the analogous heat transfer 
problem provided the transport coefficients are represented as 



D 



(1) 



AB 



(c) The uniform concentration transient diffusion process is analogous to the heat transfer lumped- 
capacitance process. From the solution of Problem 14.46, the time to reach twice the limiting 
concentration, C\ (t 0 ) = 2 Ca.i, can be calculated as 



C. C 



A : 



= exp_ 



{ I. «L T 



(2) 



t 0 =42.9 hour 



For the present situation, the mass transfer Bior number is 
h™ L 



Bi„ 



Sab ^-TDah 



Bi m = 



(1.5 m ■■■ h / j 600 s / h) x 0.003 in 



1 60 kmol ■ m 3 ■ atm < 8.205 x 10" 2 m 3 ■ atm / kmol ■ K x 555 K x 1 .8 x 10" 1 1 m 2 / s 



Bi m = 9.5 » 0.1 



and hence the concentration of A within B is not uniform 



(d) Invoking the analogy with the heat transfer situation, we can use the one-term series solution. Eq. 



5.4G,w r ith Bi m <=> Bi and 



Fo m <=>Fo 



Fa 



Dab t 

m- 2 
L 



(3: 



Continued 
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PROBLEM 14.47 (Coiit.) 



WithBi m =9.5, find = 1.4219 rad and C- = 1.2609 from Table 5.L so that Eq. 5.41 becomes 
C A (to)-C A .f 



c A,i " c A,f 



= C L exp(-cf Fo m J 



f2-l)xl6kmol/m 3 , ? \ 

: - = 1.2609 exp -1.4219" Fo m ) 

(320-16)kmol/rn 



1.8x10 11 m 2 /sxt„ 
Fo ra = 5 ^ = 1.571 

(0.003 m} z 



t 0 = 218h < 

COMMENTS: (1) Since Bim = 9.5, the uniform concentration assumption is not valid and we expect 
the analysis to provide a longer time estimate to reach C^(t(j) = 2 f 

(2) Note that the uniform concentration analysis model of part (c) does not include D ijj. Why is this 

so? 
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PROBLEM 14.48 



KNOWN: Dimensions of polymer sheet. Temperature and relative humidity of environment. 
Increase in mass of sheet over 24 and 48 hour periods. 

FIND; Solubility and mass diffusivity of water vapor m polymer, assuming mass diffusivity is 
greater than 1 y. 10"" J mVs. 



SCHEMATIC: 




2L = 1 mm 



Polymer sheet 

A = {100 mm) 2 

Am = 0.012 mg : t = 24 hr 

Am = 0.016 mg : t = 48 hr 



T = SCO K 

+ = 0, 

^ = 0.95 r t > 0 



ASSUMPTIONS: (1) Constant properties. (2) One-dimensional mass diffusion, (3) Mass gain 
is solely due to water vapor diffusing into the sheet. 

PROPERTIES: Table A. 6, saturated water (T = 300 K), = 0.0353 1 bars, !.l-f A = IS kgfcmol. 

ANALYSIS : The process of diffusion of water vapor (A) in the polymer (B) sheet is governed 
by Eq. 14.77 with boundary and initial conditions given by Eqs. 14.78 through 14.80. These 
equations can be cast in nondimeiisional form as in Eqs. 14.83 through 14.86, and the analogy 7 
with Eqs. 5.34 throush 5.37 is apparent (for Bi — «o). with the analogous quantities defined in 
Table 14.2. 

Since the mass gamed by the polymer sheet is known, it is more convenient to work the problem 
in mass terms. Making use of Eq. 14.1, we recognize that y * defined in Eq. 14.81 can be written 
in the alternative form. 



C A- C A.s PA-PA.s 



c A ,i-c 



A,s PAj PAs 



(1) 



Here Pa i - 0 since the sheet is initially dry 7 , and p ^ s = 'M&C a 5, = ■^A.^PA 3= ■ or 

PA,s = -^A^Asat ( 2 ) 
where S is the solubility (see Eq. 14.62). 

The mass gained by the polymer sheet is then analogous to the energy transfer, Q, in the heat 
transfer problem. Specifically, for the mass "loss.'" we can write a sequence of equations 
analogous to Eqs. 5.43 through 5.45, 

Continued... 
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and 



PROBLEM 14.4S (Cant.) 

Maas loss = AM A = -[M A (t) - M A (0)] = -j[p A <X t) - PA=i ]dV 
iM A,o sV CPA,i-PA,ft) 

^A f[PA< x 0-PA,i]dV_ 1 



AM 



J Pi, -Pi, V V J 



A,o PAi-PA.3 

If Fo^ 0.2, the solution can be approximated by tile first term in the series, and the result for the 
mass loss would be analogous to Eq. 5.46. To determine if the first term approximation can be 
used, we estimate the mass transfer Fourier number with knowledge that the mass diffusivity is 
greater than 7 x 10''' mVs, 

To a = D AE t/L 2 , Fon > 7 x 1 0" 1 3 m 2 ,< s x 24 h x 3 600 s/h / (0 .0005 m) 1 = 0.24 

Tims the one -term approximation is valid and by analogy to Eqs. 5.46 and 5.41. the 
nondimensional mass loss is given by 

AM A ^^^^ (3) 



AM A.o 



PA,s^'' ',1 L 

From Table 5.1 forBi -mo, we find = 1.5707 = 71/2 and Cj = 1.2733 . The quantity 

-AM A is die mass gain at the two stated times. The unknowns to be determined are Dab and S r 

which appears in pA.i (see Eq. (2)). From Eq. (4) evaluated at the two times, we Live two 
simultaneous equations which can be solved for the unknowns Das and pa_e, namely 

0.012 <lG" e kg , siiin/2, , 7T Dar . . . „. 
= 1 1.2733exp( — — -2A h x 3600 s/h) 

p As xl0 3 kg/m J 11/2 4 (0.0005 nfT 

0.016x10^ kg snur72 1 2733exp( _^ Dab 

p As xl0 ^kg/m 3 11/1 4 (0.0005 m)" 

There are two solutions to these two equations. 
D M = 1.92 x 10" 1 3 mrVs, Pa_= = 0. 003 848 kg/m 3 
or 

Dab = 8.5 x 10" : 5 m : -s. p A . 5 = 0.001976 kg/nf 

Continued... 
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PROBLEM 14.48 (t aut.) 



Since we expect Dab to be greater than 7 >; 10" lj m 2 .% we choose the second solution. Thus, 

D AB = 8.5 x LO" 13 m 2 /& < 

S = p A s /5tf A tp A ^ = 0 001976 kg/m 3 /<lS kg/kmolx 0 95 x 0.03531 bars) 

S = 3.3 x 10" J kmol/m 3 bar < 

COMMENTS: The system of equations has two solutions, but one of them would yield a mass 
diffiisivity less than 7 k 10"" J m7s, and is therefore rejected. That solution also has Fo^ < 0.2 r so 
the solution is not valid. It does raise the question of whether there is another solution for which 
Fo n < 0.2. If the problem is solved correctly f<x Fo m < 0.2. it can be determined that there is no 
other solution. 
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PROBLEM 14,49 



KNOWN: Solubility and diffusivity of oxygen (Cy in polycarbonate. Distance of thin reacting 
film of polymer from DVD surface. Initial Ch distribution. Critical concentration needed to start 
reaction in the thin film. 



FIND: Elapsed time before reaction begins in the thin film. 
SCHEMATIC: 

AlmDsphef ic mndrtionBi 



L 



Thin reirfhg film 



Polycarbonate 
S= S.9ic1[HkmDUiiiMHr 



ASSUMPTIONS: (1) Constant properties and steady-state conditions, (2) Stationary medium. 
(3) Presence of thin, reacting film does not affect the diffusion process, (4) Semi-infinite media. 

PROPERTIES: Oxygen (0*) m polycarbonate, given: D.m = 6.5 x ID" 12 m% S = 8.9 x 10" 3 
kmoL'm J 'bar. 

ANALYSIS: 

The mole fraction of oxygen in air is 0 .21. Therefore, the partial pressure of O? in the atmosphere is 

Ifa = 0.21 atmx 1.0133— =0.213 bar 
atm 

and the surface concentration is 



C 3 = C(x=0) = SP o: = 8.9 x 10" J 



kmol 

m ■ bar 



x 0.213 bar = l.S9xlO _i 



kmol 



Incorporating the heat and mass transfer analog and usmg Eq. 5.57 : 



Ci -c. 



kmol kmol 
^ 5x10 -^=^-1.89 xlO --=^ 



0.5x10 J m 



0-l.S9xlO" : 



kmol 



= erf — , 

2,6.5xl0-"^xt 
^ V s J 



which yields 

t= 3940 s < 
COMMENT: Hie thin film will convert Oi to a product of the reaction. A more detailed 
analysis, would include the effects of O; conversion on the process. 
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PROBLEM 14.50 



KNOWN: DVD with reacting polymer throughout, undergoing first-order homogeneous 
reaction between polymer and oxygen, with reaction rate proportional to oxygen molar 
concentration. 

FIND: (a) Governing equations and boundary and initial conditions for oxygen molar 
concentration, (b) Expression for volume-averaged molar concentration of product of reaction. 



SCHEMATIC: 



2_ 



"A 



ASSUMPTIONS: (1) Constant properties. (2) Qne-dimensional mass diffusion with 
heterogeneous chemical reaction. (3) Reaction rate is proportional to molar concentration of 
oxygen. 

ANALYSIS: (a) From Eq. 14.48b for one-dimensional diffusion of species A (oxygen). 



cC 



a 



A-d 



A3 ' 



■-N 



A 



For a first-order reaction that consumes oxygen, we can write = -kjC^ . Thus, 



3C A 



. =DAB^-kiC A 



The boundary conditions express symmetry about the midplane and relate the molar 
concentration at the surface to the partial pressure of oxygen in the environment. p_v 



x=0 



= 0. C A (L,t) = Sp A 



Tlie initial condition expresses that there is no oxygen initially in the DVD before the pouch is 
opened, that is. 

C A (x,G) = 0 



(b) Since each mole of oxygen that reacts with the polymer results in p moles of product, we can 
write the following expression for the rate of generation of product: Npj- oc j = -pN A = pkjC A . 

Continued... 
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PROBLEM 14.50 (C out.) 

The volume-averaged molar concentration of product is jusl the rate of generation integrated over 
time and averaged over tlie volume. Thus, 

Cprod = ^ J v jjNp-d*^ = N prod dt(Ad*) = 1 f o L j; P k L C A dtdx 

C prod ^j 0 L jV A (x, t )dtdx 
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PROBLEM 14.51 



KNOWN: Diameter of optical fiber sensor in a hydrogen chamber. Pressure of hydrogen 
f species A) in environment. Mass diffusivity and solubility for hydro sen in glass fiber (species 
B). 

FIND: (a) Average hydrogen concentration in fiber after 100 hours of operation. Change in 

refractive index, given that An = (1.6 x 10""' nrVkmol) :< C . (b) Average hydrogen concentration 
and change in refractive index after 1 and 10 hours of operation. 

SCHEMATIC; Hydrogen, 

Pa = 20 bars 
T D = 100 |jm 



1 



* 

ASSUMPTIONS: (1) Constant properties.. (2) One-dimensional mas; diffusion. 

PROPERTIES: Hydrogen in vitreous silica fiber (given): = 2.88 x 10 4i rrrVs. S = 4.15 x 
10"" kmol/m 3 -bar. 

ANALYSIS: (a) This is a problem of transient mass diffusion in a cylinder, analogous to 
transient conduction in a cylinder. We begin by calculating the mass transfer Fourier number, 

Fo m = D AB t/i£ = 2.88xlO~ 15 ci 2 /sxl00 hx3600 s/h/(50xl0 -6 m) 2 =0.415 

With Fo t , ■ 0.2 . we can use the first-term approximation to the series solution. The average 
hydrogen concentration can be found by analogy with the nondimensional energy 7 transfer Q/Q B 
defmed m Eq. 5.45, with reference to Table 14.3 for the analogous quantities. We define 

AM* f -(CA(x,t)-C A i) dV 1 r 

A = — — : -^1^1. = — (1 - y*)dV (1) 

Here the surface concentration. C^ s . is used m place of the environment temperature, T„, because 
this is a problem of specified surface concentration modeled by allowing Bin.— me. By analogy 
with Eq. 5.51, 



AM 



A.o -1 



where from Eq. 5.49c. the centerline value of the nondimensional molar concentration is 

■f 0 = C 2 exp(-; 2 Fo m ). From Table 5.1, Q =2.4050, q = 1.6018 , so y* = 0.145. From 

Table B. 4, 1,(2.4050)^0.52. Thus, 

Continued... 
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PROBLEM 14.51 (Cont.) 



AM Ao 2.4050 

Referring back to Eq. (1), we can determine the average hydrogen concentration. 

- r dV AM ^ 

C A =fCA(^.0— = CA.i+— -^(C Aii -C A>i ) 
V AM A{) 

where C<u = 0 since the fiber initially contains no hydrogen, and Ca, 4 = SpA = 4.15 x L0" 1 
kinoi'itf-bar x 20 bars = 0.0830 kmol/m 3 . Thus, 

C A = 0 + 0.937( 0830 kinol / m 3 - 0) = 0.0778 kmol / ro 3 < 
The change in refractive index is then 

An = 1 . 6 x 10~ 3 m 3 / kmol x 0.0778 kmol / m 3 = 1 .24 x 1 tH 

(b) For the shorter times, the Fourier number is no longer larger than 0.2, and we must use a 
different approach. We could use the exact infinite senes solution, but it is easier to use the 
solutions provided in Table 5.2a. which are appropriate for uniform surface concentration. For an 
infinite cylinder, with Lc = r„, 

q^VkCT.-TO 
The analogous quantity is 

"A = N A,s^o DAB(C A ,s " Caj ) 

With knowledge of the molar flux at the surface, N A s , the average hydrogen concentration can 

be found as follows. We multiply the flux by the surface area and integrate over time to find how 
::v.:c:: hyfccger. ::ai eiiTei"ed the fiber. Then we divide by the vobme to fi::d the average 
concentration. That is, 

2nr„ 2 rt. 



C A =j> AiS dtx^ = -^NX,dt 
Ttr 0 o 



Now from Table 5.2a for the interior case, infinite cylinder, with To n < 0.2, 

N A = NX s r 0 /DabCCa s -C Al ) = ^=! 0.50- 0.65Fo m 

Thus, we have 

Continued. 
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PROBLEM 14.51 (Cam.) 



, V^m 



,-0.50-0.65Fo 



m 



= 2 ( C A,s _C A,i)j 0 



Fo„ 



r-0.50-0.65Fo, 



m 



dFo 



in 



:2 ( c A r s _c Ai) 



0.65 2 
— ^ Fo m 



At 1 hour and 10 hours, Fo Q = 0.00415 and 0.041 5, respectively. Then with C Ai , = 0.0830 
kmoL''m J and Ca,l = 0. we find, 

Fort= 1 hr, C A = 0.01 17 kmol/m 3 , An = 1 .9x10" 5 
Fort= lOhr, C A = 0.0346 kmol/m 3 , An = 5.5* 10" 5 



< 
< 



COMMENTS: (1) Hydrogen diffusion into glass optical fibers is highly undesirable because of 
the effects described in the problem statement. Hermetic coatings are typically applied to the 
fibers to prevent diffusion of hydrogen and other unwanted species into the gla^s. (2) At t = 100 
s C A (0,t)-C As 

hours, y 0 = — = 0.145 . This tells us that the centerline concentration is within 

c A,i- c As 

14.5% of reaching the surface concentration. At the same time, the average molar concentration 
is 95.7% of the surface concentration, i.e. within 63% of reaching the surface concentration. 
This is because of the radial geometry, which has greater volume near the surface than near the 
centerhne. 
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PROBLEM 14.52 

KNOWN: Diameters of glass optical fiber and acrylate polymer coating. Mass diffusivity of 
water vapor in the acrylate. 

FIND : Whether microcracking would occur within several hot and humid days. 
SCHEMATIC: 

„ „„,. i ; Humid environment 
Di=125um T D o = 250 um 



3 



I 

ASSUMPTIONS: (1) One-dimensional mass diffusion. (2) Use of acrylate properties 
throughout the cylinder is sufficient for estimating the diffusion process in order to answer the 
question. 

PROPERTIES: Water vapor in acrylate polymer (given): D,aj = 5.5 x 10 _li nr/'s. 

ANALYSIS: W r e arbitrarily begin by considering a two-day period. Then the mass transfer 
Fourier number is, 

Fo m = D AB t / r 2 = 5.5 x 10" 1 3 m 2 / s x 48 h x 3 600 s / h/(125 x 1 0~ 6 m) 2 =6.1 

Since Fom > 0.2, we can use the one-term approximation, analogous to Eq. 5.49a. Referring to 
Table 14.3 for the analogies, 

C A (r,t)-C A . 2 
7* = * — = Q expf-Cf Fo m )J 0 (Cir*) (1) 
L A,i _c A,s 

where from Table 5.1, as Bi-*», Cj = 2.4050, C j = 1.6018 . At the outer surface of the glass, r* 
= 0.5 and from Table B.4, J 0 (2.4050 x 0.5) » J 0 (1.2) * 0.67 . Thus 

y* = 1 ,6018exp(-2.4050 2 x 6.1) x 0.67 = 5.6 x 10" 16 

Referring to the definition of y* in Eq. (1), we see that tins very small value means that the 
concentration has essentially already reached the surface concentration. Therefore, careful 
storage of the optical fiber will not prevent microcracking, smce within two days (probably much 

less), the water vapor lias penetrated through the acrylate polymer coating. 

COMMENTS: (1) Equation 5.49 assumes uniform properties throughout the cylinder. Since 
the glass is impermeable to moisture, the build-up of moisture in the coating would be even more 
rapid than this equation predicts. (2) The time required for the concentration to be within 5% of 
the surface concentration (y* = 0.05) is around four hours. (3) Development of hermetic coatings 
for use in fiber optic and other high technology applications is an ongoing area of research. 
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PROBLEM 14.53 



KNOWN: Mass of insect repellent applied to known area of skill. Convective mass transfer 
coefficient, partition coefficient at the ingredient - skin interface, mass diffusivity of the 
ingredient in the sktn. 

FIND: (a) Initial thickness of the active ingredient, (b) Duration of effective treatment, (c) 
Duration of effective treatment with use of reformulated repellent with a very small partition 
coefficient. 

SCHEMATIC: _ 

Pa- ^,= 5»1[T ! mis 



J 




J J 


I ■ / 

mj D M =1i€ IDT 11 ™^ = 2DCD fcgfm 3 
^ Repeferrt K _ n D5 ^ 




skin r -T"^ y 



ASSUMPTIONS: (L) Constant properties and steady-state conditions, (2) Stationary medium. 
(3) Skin is setm -infinite medium. 

PROPERTIES: Active Ingredient, given: p A = 2000 kg/m\ 9,l x = 152 kg'ltmoL p A . a1 = 1.2 * 10 5 
bars, K (active Ingredient- skin interface) = 0.05 ; Daj (active ingredient in skm) = 1 xlO"~ J m : . ; i. 

ANALYSIS: 

(a) For an active ingredient volume fraction of f = 0.25, the initial thickness of the active 
ingredient is 

T . fM 0.25 x 10 x ID" 3 kg ... 6 _, 

L{t = 0)= = r — = 2.5 x 10 ° m = 2.3 \mi -- 

P-^ A 2000 ^| x 0.5 m 2 
m 

(b) The duration of the effective treatment is associated with the complete depletion of the active 
ingredient through combined evaporation and absorption. For absorption of the ingredient into the 
skin, the analogy to Eq. 5.58 may be employed to provide 



Ut=o> = 



Pa 



j n A, mn Y dt + { n A : <tf dt 



■ — [K(Pa^ -PA,*)dr+ f^ScPA^D "PA,)* 
Pa [I i Virt 



Continued. 
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PROBLEM 14.53 (t out.) 

Noting that pA.i = Pa.l = 0 and Pa.=e = KpA, the integrations may be earned out to yield 



L(t = o)=^( P , s y + :^^ 



The surface concentration of the active ingredient is 

_ l-ZxlO-^tar -71.9„l<rW 

: : (^/5tf A )T s (8.314x10"" m J -bar:kmol- K/l 52 kmol/kg)x (273 +32)K 



Substituting the values of L(t = 0), pA.=.:- and the quantities given ui the problem statement, the 
preceding equation may be solved to yield 

t = 6130 s or 1.7 h < 
(c) Setting K = 0, the preceding equation maybe solved again to yield 

T= 13900 s or 3.9 h < 



COMMENT: In Part (b). convective Losses are 43% of the total loss, while losses due to 
diffusion into the skin are 57%. 
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